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EXECUTIVE SUMMARY AND RECOMMENDATIONS
Task Group III was a technica1 working group charged with deve10ping
tota1 phosphorus Ioading objectives for each of the Great Lakes as part of
the 1978 re-negotiation of the 1972 Water Qua1ity Agreement. The Task
Group was directed to address on1y the technica1 questions invo1ved.
The
gen
era
1 c
rit
eri
on
use
d i
n d
eve
1op
inq
the
obj
ect
ive
s w
as
the
int
er-
fere
nce
with
wate
r us
e b
yman
.
In c
ontr
ast
to t
he a
ppro
ach
used
in t
he 1
972
Agr
eem
ent
, t
he
pre
sen
t o
bje
cti
ves
wer
e b
ase
d o
n t
he
res
u1t
ing
wat
er
qua
1it
y
corr
espo
ndin
g to
the
phos
phor
us 1
oads
in e
ach
basi
n,
as w
e11
as o
n th
e ph
os-
phorus 1oads themselves.
0n
the
bas
is
of
evi
den
ce
acc
umu
1at
ed
sin
ce
1972
, t
he
Tas
k G
rou
p i
s u
n-
ani
mou
s
in
end
ors
ing
the
con
cep
t o
f t
he
pho
sph
oru
s c
ont
roI
pro
gra
m a
s d
e-
scr
ibe
d i
n t
he
Agr
eem
ent
.
Fur
the
r,
imp
rov
ed
inf
orm
ati
on
sin
ce
1972
has
1ed
th
e
Ta
sk
Gr
ou
p
to
co
nc
1u
de
th
at
a
1
mg
pe
r
1i
te
r
(m
g/
1)
ef
f1
ue
nt
re
qu
ir
e-
ment
for
muni
cipa
1 d
isch
arge
s wi
11
not
be s
uffi
cien
t to
achi
eve
desi
rab1
e
wat
er
qua
1it
y
in
Sag
ina
w
Bay
,
Lak
e
Eri
e,
and
Lak
e
Ont
ari
o.
Som
e
deg
ree
of
dif
fus
e s
our
ce
con
tro
1 w
i11
be
req
uir
ed
to
ach
iev
e t
he
rec
omm
end
ed
wat
er
qua1ity objectives for these basins.
It
is
the
rec
omm
end
ati
on
of
the
Tas
k G
rou
p t
hat
a n
on-
deg
rad
ati
on
obj
ec-
ti
ve
be
es
ta
b1
is
he
d
fo
r
La
ke
Su
pe
ri
or
,
La
ke
Hu
ro
n
(e
xc
1u
si
ve
of
Sa
gi
na
w
Bay)
, a
nd L
ake
Mich
igan
.
This
reco
mmen
dati
on
is a
reaf
firm
atio
n th
at p
re-
se
nt
wa
te
r
qu
a1
it
y
sh
ou
1d
be
ma
in
ta
in
ed
in
La
ke
Su
pe
ri
or
an
d
La
ke
Hu
ro
n.
Lake
Mich
igan
1ies
comp
1ete
1y w
ithi
n th
e U.
S. b
orde
r an
d it
is n
ot s
peci
fi—
.i
 
 cally mentioned in the 1972 Agreement; however, since the outflow from Lake
Michigan constitutes an input to Lake Huron, it is not possible to establish
an objective for Lake Huron independently of Lake Michigan.
Table A contains a summary of the recommendations for the non-degrada-
tio
n b
asi
ns.
The
rec
omm
end
ed
loa
ds
are
tho
se
whi
ch
rem
ain
aft
er
the
rec
om-
mended 1 mg/l effluent standard for municipal discharges greater than 1
mil
lio
n g
all
ons
per
day
(mgd
) i
s f
ull
y i
mpl
eme
nte
d.
The
rec
omm
end
ed
con
-
centrations are estimates of the concentrations that will correspond to
these residual loads.
It is the recommendation of the Task Group that substantial phosphorus
load
redu
ctio
ns
be i
mple
ment
ed i
n Sa
gina
w Ba
y, L
ake
Erie
, an
d La
ke O
ntar
io
to achieve desirable water quality. Table B contains a summary of the Task
Gro
up
rec
omm
end
ati
ons
for
the
se
bas
ins
.
Thi
s t
abl
e a
lso
con
tai
ns
two
of
the
possible phosphorus treatment strategies which would achieve each of the re-
comm
ende
d ob
ject
ives
.
An a
ddit
iona
l t
reat
ment
stra
tegy
woul
d be
the
furt
her
reduction of phosphorus in all commercial and household detergents. Sub-
sta
nti
al
dif
fus
e s
our
ce
pho
sph
oru
s c
ont
rol
mus
t b
e i
mpl
eme
nte
d,
eve
n i
f t
he
present 1 mg/l effluent standard is reduced to 0.5 mg/l.
Inv
est
iga
tio
ns
by
the
Tas
k G
rou
p h
ave
led
to
the
con
clu
sio
n t
hat
for
many municipal systems, a 0.5 mg/l treatment level can be achieved with
add
iti
ona
l s
ett
lin
g f
aci
lit
ies
and
/or
eff
lue
nt
fil
tra
tio
n.
In
add
iti
on,
approximately 30 to 50 percent of diffuse loads is believed to be con—
tro
lla
ble
usi
ng
exi
sti
ng
tec
hno
log
y w
her
e t
he
pho
sph
oru
s l
oad
ing
rat
e p
er
unit area is high, such as in the Lower Lakes.
Wit
h r
ega
rd
to
spe
cif
ic
tre
atm
ent
str
ate
gie
s f
or
mun
ici
pal
and
dif
fus
e
sources, the costs and benefits can be more clearly established over the
ii
 TABLE A. SUMMARY OF TASK GROUP RECOMMENDATIONS
'FOR NON-DEGRADATION BASINS
Task Group Recommendation
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hos
pho
rus
Pho
sph
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s L
oad
Tot
aT
Pho
sph
oru
s
Load in Metric in Metric Tonnes Concentration in
Bas
in
Ton
nes
Per
Yea
r
Per
Yea
r
pg/
T
Sup
eri
or
360
0
340
0
4
Mic
hig
an
670
0
560
0
7
Mai
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Hur
on
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280
0
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Geo
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Nor
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/
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r
e
d
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o
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t
h
e
s
e
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i
m
e
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t
s
.
in
d
i
f
f
u
s
e
s
o
u
r
c
e
s
L
a
k
e
O
n
t
a
r
i
o
1
1
0
0
0
7
0
0
0
M
i
n
i
m
i
z
e
d
e
g
r
a
d
a
t
i
o
n
o
f
t
h
e
e
c
o
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l
m
g
/
l
+
5
0
%
r
e
d
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i
o
n
in
s
y
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e
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b
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m
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g
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d
i
f
f
u
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e
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r
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e
s
p
h
o
s
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c
o
n
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e
n
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r
a
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i
o
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o
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o
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a
p
p
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x
i
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t
e
l
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10
p
g
/
l
.
0
.
5
m
g
/
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3
0
%
r
e
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i
o
n
in
di
ff
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e
so
ur
ce
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1
F
o
r
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O
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t
h
e
t
r
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a
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b
e
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p
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l
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in
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t
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L
a
k
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next year or so. It is, therefore, recommended that the State and
Prov
inci
al
gove
rnme
nts
be r
equi
red
to c
ommi
t th
emse
lves
with
in a
year
from
the date of the new Agreement to establishing methods by which the phos-
pho
rus
loa
din
g o
bje
cti
ves
in
Tab
le
B a
re
to
be
ach
iev
ed.
The
met
hod
olo
gie
s
to
be
dev
elo
ped
sho
uld
inc
lud
e a
sch
edu
le
whi
ch
cle
arl
y i
den
tif
ies
the
tim
e
ove
r w
hic
h t
he
loa
din
g o
bje
cti
ves
wou
ld
be
ach
iev
ed.
Any
of
the
str
ate
gie
s
deve
lope
d wi
ll
need
to r
efle
ct t
he g
rowt
h of
popu
lati
on
over
time
. A
mini
-
mu
m
of
a
l m
g/
l
ph
os
ph
or
us
ef
fl
ue
nt
st
an
da
rd
wil
l
be
re
qu
ir
ed
at
all
mu
ni
-
cip
al
tre
atm
ent
pla
nts
gre
ate
r t
han
l m
gd
in
the
Gre
at
Lak
es
Bas
in.

INTRODUCTION
The terms of reference for Task Group III, hereafter referred to as TG,
were:
l.
To prepare a report based on the latest information on
"acceptable" total phosphorus loadings to each lake;
To provide the best estimates of current phosphorus
loadings from each country and each major source, e.g.
municipal, industrial, tributary, etc.;
To determine what control possibilities exist and what
would be the costs of pursuing them;
To develop for each lake several phosphorus loading levels
and treatment strategies, the conditions which would re-
sult from these levels, and estimates of response times of
the lakes to these levels;
To determine what dissolved oxygen and other water quality
objectives would be compatible with the proposed phosphorus
loading.
The rationale behind the phosphorus control program of the Great Lakes
Wat
er
Qua
lit
y A
gre
eme
nt
(WQA
) o
f 1
972
was
bas
ed
on
evi
den
ce
fro
m a
var
iet
y
of inland waters.
This evidence includes experimental measurements of water
fro
m t
he
Low
er
Gre
at
Lak
es
sho
win
g t
hat
alg
al
gro
wth
and
ass
oci
ate
d a
spe
cts
of man-made eutrophication could be controlled by reducing phosphorus
loading rates to the waters of the Great Lakes system.
This evidence was
l
 suf
fic
ien
tly
com
pel
lin
g
to
ins
tit
ute
a c
ont
rol
pro
gra
m;
how
eve
r,
no
abs
olu
te
gu
ar
an
te
e
co
ul
d
be
gi
ve
n
th
at
th
e
co
nt
ro
l
pr
og
ra
m
wo
ul
d
wo
rk
,
no
r
co
ul
d
th
e
ra
te
s
of
re
sp
on
se
be
pr
ed
ic
te
d.
En
ou
gh
wa
s
kn
ow
n
to
pr
ed
ic
t
wi
th
re
as
on
ab
le
as
su
ra
nc
e
th
at
ev
en
wi
th
th
e
re
co
mm
en
de
d
co
nt
ro
l
pr
og
ra
m,
ad
di
ti
on
al
me
a-
su
re
s
an
d
pr
og
ra
ms
mi
gh
t
be
re
qu
ir
ed
to
mi
ni
mi
ze
eu
tr
op
hi
ca
ti
on
pr
ob
le
ms
in
the future.
Th
e
ph
os
ph
or
us
co
nt
ro
l
pr
og
ra
m
of
th
e
NQ
A
ha
d
fo
ur
ob
je
ct
iv
es
:
l.
Re
st
or
at
io
n
of
ye
ar
-r
ou
nd
ae
ro
bi
c
co
nd
it
io
ns
in
th
e
bo
tt
om
wa
te
rs
of
th
e
ce
nt
ra
l
ba
si
n
of
La
ke
Er
ie
;
2.
Re
du
ct
io
n
in
pr
es
en
t
(l
97
2)
le
ve
ls
of
al
ga
l
gr
ow
th
in
La
ke
Erie;
3.
Re
du
ct
io
n
in
pr
es
en
t
(1
97
2)
le
ve
ls
of
al
ga
l
gr
ow
th
in
La
ke
On
ta
ri
o,
in
cl
ud
in
g
th
e
in
te
rn
at
io
na
l
se
ct
io
n
of
th
e
St
.
Lawrence River;
4.
St
ab
il
iz
at
io
n
of
La
ke
Su
pe
ri
or
an
d
La
ke
Hu
ro
n
in
th
ei
r
pr
e-
se
nt
(1
97
2)
o
l
i
g
o
t
r
o
p
h
i
c
st
at
es
.
To
me
et
th
es
e
ob
je
ct
iv
es
th
re
e
me
as
ur
es
we
re
pr
op
os
ed
in
th
e
WQ
A:
(l
)
mu
ni
ci
pa
l
wa
st
e
tr
ea
tm
en
t
to
ac
hi
ev
e
le
ss
th
an
1
mg
/l
of
ph
os
ph
or
us
in
ef
fl
ue
nt
s
wi
th
di
sc
ha
rg
es
in
ex
ce
ss
of
l
mg
d
in
to
La
ke
Er
ie
,
La
ke
On
ta
ri
o
an
d
th
e
in
te
rn
at
io
na
l
se
ct
io
n
of
th
e
St
.
La
wr
en
ce
Ri
ve
r;
(2
)
ma
xi
mu
m
pr
ac
ti
ca
bl
e
re
du
ct
io
n
of
_p
ho
sp
ho
ru
s
fr
om
in
du
st
ri
al
so
ur
ce
s
di
sc
ha
rg
in
g
wa
st
e
s
in
to
La
ke
Er
ie
,
La
ke
On
ta
ri
o
an
d
th
e
in
te
rn
at
io
na
l
se
ct
io
n
of
th
e
St
.
La
wr
en
ce
Ri
ve
r;
an
d
(3
)
co
nt
ro
l
of
ph
os
ph
or
us
in
pu
ts
fr
om
an
im
al
hu
sb
an
dr
y
op
er
at
io
ns
.
Pr
ov
is
io
ns
we
re
al
so
in
cl
ud
ed
fo
r
li
mi
ti
ng
or
el
i-
mi
na
ti
ng
ph
os
ph
or
us
fr
om
de
te
rg
en
ts
so
ld
or
us
ed
wi
th
in
th
e
Gr
ea
t
La
ke
s
Basin.
 
The implementation of these control measures did not take place at the
rate 0 iginally envisioned in the NQA. Phosphorus load reductions are just
beginning to be implemented, and the loading objectives have not yet been
reached. The program has been almost completely implemented, except for
Detroit, which is the largest point source to the Great Lakes. For this
reason, it is difficult to evaluate the effects of phosphorus control on
the water quality of the Great Lakes.
0n the basis of evidence accumulated since l972, the T6 is unanimous in
endo
rsin
g th
e co
ncep
t of
the
phos
phor
us
cont
rol
prog
ram
as d
escr
ibed
in t
he
WQA. Further, improved information since l972 has led the T6 to conclude
tha
t a
l mg
/l
eff
lue
nt
req
uir
eme
nt
for
mun
ici
pal
dis
cha
rge
s w
ill
not
be
sufficient to achieve desirable water quality in Saginaw Bay, Lake Erie,
and
Lak
e O
nta
rio
.
Som
e d
egr
ee
of
dif
fus
e s
our
ce
pho
sph
oru
s c
ont
rol
will
be
required to achieve the recommended water quality objectives for these
basins.
A number of persistent problems remain which defy easy resolution and
whi
ch
hin
der
rec
ogn
iti
on
and
imp
lem
ent
ati
on
of
the
mos
t e
ffe
cti
ve
pho
s-
phor
us c
ontr
ol
stra
tegi
es.
Thes
e ar
e:
(l)
the
larg
e va
riat
ions
asso
ciat
ed
wit
h p
hos
pho
rus
loa
din
g e
sti
mat
es,
in
par
t d
ue
to
sam
pli
ng
ina
deq
uac
ies
,
yea
r-t
o-y
ear
var
iat
ion
s a
nd
ana
lyt
ica
l e
rro
rs;
(2)
the
dif
fic
ult
y o
f e
sti
-
mat
ing
the
ava
ila
bil
ity
of
pho
sph
oru
s f
rom
dif
fer
ent
sou
rce
s a
nd
in
dif
-
fere
nt c
hemi
cal
form
s to
vari
ous
alga
l sp
ecie
s;
(3)
the
diff
icul
ty o
f
det
erm
ini
ng
the
rel
ati
ve
inf
lue
nce
on
bou
nda
ry
wat
ers
of
pho
sph
oru
s
dis
-
char
ges
at v
ario
us d
ista
nces
upst
ream
in d
iffe
rent
trib
utar
ies;
and
(4)
the
di
ff
ic
ul
ty
of
es
ti
ma
ti
ng
th
e
co
st
s
an
d
ti
me
s
re
qu
ir
ed
fo
r
im
pl
em
en
ta
ti
on
of
remedial measures in the case of phosphorus loads from diffuse sources.
  
 In
the
ana
lys
is
tha
t f
oll
ows
,
obj
ect
ive
s
are
dev
elo
ped
for
pho
sph
oru
s
load
ing
to e
ach
of t
he m
ajor
basi
ns i
n th
e Gr
eat
Lake
s.
The
gene
ral
cri
ter
ion
use
d
in
dev
elo
pin
g
the
obj
ect
ive
s
was
the
int
erf
ere
nce
wit
h
wat
er
use
by
man
.
In
con
tra
st
to
the
app
roa
ch
use
d i
n t
he
197
2 N
QA,
the
obj
ec-
ti
ve
s
in
th
e
pr
es
en
t
re
po
rt
we
re
ba
se
d
on
th
e
re
su
lt
in
g
wa
te
r
qu
al
it
y
co
r—
res
pon
din
g
to
the
pho
sph
oru
s
loa
ds
in
eac
h
bas
in,
as
wel
l
as
on
the
pho
s-
ph
or
us
lo
ad
s
th
em
se
lv
es
.
Th
e
NQ
A
ob
je
ct
iv
es
we
re
ba
se
d
pr
im
ar
il
y
on
th
e
pho
sph
oru
s
loa
ds
and
not
on
the
in-
lak
e
con
cen
tra
tio
ns
of
wat
er
qua
lit
y
pa
ra
me
te
rs
re
su
lt
in
g
fr
om
th
es
e
loa
ds.
All
ref
ere
nce
s t
o p
hos
pho
rus
loa
ds
and
pho
sph
oru
s c
onc
ent
rat
ion
s
in
the
pr
es
en
t
re
po
rt
sh
ou
ld
be
ta
ke
n
to
me
an
to
ta
l
ph
os
ph
or
us
.
No
at
te
mp
t
wa
s
ma
de
to
se
pa
ra
te
to
ta
l
ph
os
ph
or
us
in
to
co
mp
on
en
ts
wh
ic
h
are
av
ai
la
bl
e
or
un
av
ai
la
bl
e
fo
r
al
ga
l
gr
ow
th
.
It
wa
s
de
ci
de
d
by
th
e
TG
th
at
a
me
an
in
gf
ul
di
st
in
ct
io
n
be
tw
ee
n
th
es
e
co
mp
on
en
ts
wa
s
be
yo
nd
th
e
pr
es
en
t
sc
ie
nt
if
ic
un
de
rs
ta
nd
in
g
of
ph
os
ph
or
us
dy
na
mi
cs
in
lak
e
sy
st
em
s.
It
sho
uld
be
rec
ogn
ize
d
tha
t
the
tab
ula
tio
ns
for
exi
sti
ng
pho
sph
oru
s
lo
ad
s
co
nt
ai
ne
d
in
th
e
pr
es
en
t
re
po
rt
wi
ll
no
t
ne
ce
ss
ar
il
y
ag
re
e
wi
th
sim
ila
r
tab
ula
tio
ns
fro
m
oth
er
sou
rce
s.
Thi
s
is
bec
aus
e
pho
sph
oru
s
loa
ds
fr
om
va
ri
ou
s
so
ur
ce
s
ca
n
be
ba
se
d
on
va
ry
in
g
da
ta
se
ts
an
d
on
va
ry
in
g
me
th
od
s
of
ca
lc
ul
at
io
n.
Th
e
ph
os
ph
or
us
lo
ad
s
in
th
e
pr
es
en
t
re
po
rt
we
re
ba
se
d
on
th
e
be
st
cu
rr
en
t
in
fo
rm
at
io
n
av
ai
la
bl
e.
SCOPE
Phosphorus loading objectives were developed for ten major basins and
sub-basins within the Great Lakes system. Lakes Superior, Huron, Erie, and
Ontario were included because these lakes lie along the international border
between the U.S. and Canada. Lake Michigan was also included because, al-
though Lake Michigan lies entirely within the U.S. border, the phosphorus
load from the Lake Michigan outflow is an important source of phosphorus in-
put to Lake Huron.
The main body of Lake Huron was treated separately from Saginaw Bay, the
North Channel, and Georgian Bay. The latter two basins are physically dis-
tinct from Lake Huron proper. Saginaw Bay, while not physically distinct,
constitutes a western extension of the main body of Lake Huron, and it is
highly phosphorus enriched compared with the rest of Lake Huron. The local
problems that occur in Saginaw Bay have international ramifications because
the outflow from Saginaw Bay constitutes a substantial source of phosphorus
loading to Lake Huron across the U.S.-Canada boundary.
Lake Erie was sub-divided into three basins: Western, Central, and
Eastern. This was done because of the natural morphometry of Lake Erie and
the distinctly different water quality characteristics of the three basins.
The
West
ern
Basi
n is
shal
low,
well
-mix
ed,
and
has
a re
lati
vely
shor
t hy
drau
-
lic detention time. Most of the external phosphorus input to the lake as a
whole comes directly into the Western Basin. The Central Basin is suffi-
ciently deep so that it stratifies into an epilimnion and a hypolimnion
5
 du
ri
ng
th
e
su
mm
er
mo
nt
hs
.
Th
is
ba
si
n
co
ns
ti
tu
te
s
th
e
ma
jo
r
de
po
si
ti
on
al
ar
ea
fo
r
de
ca
yi
ng
ph
yt
op
ia
nk
to
n
in
th
e
lak
e.
Th
e
mo
st
no
ta
bl
e
co
ns
eq
ue
nc
e
of
ph
os
ph
or
us
en
ri
ch
me
nt
in
La
ke
Er
ie
is
th
e
de
pi
et
io
n
of
di
ss
oi
ve
d
ox
yg
en
in
th
e
Ce
nt
ra
i
Ba
si
n
hy
po
ii
mn
io
n
ne
ar
th
e
en
d
of
th
e
su
mm
er
st
ra
ti
fi
ca
ti
on
pe
ri
od
.
Th
e
Ea
st
er
n
Ba
si
n
is
th
e
de
ep
es
t
of
th
e
th
re
e
ba
si
ns
an
d
it
re
-
ce
iv
es
Te
ss
of
th
e
to
ta
T
ex
te
rn
a]
ph
os
ph
or
us
lo
ad
to
th
e
wh
oi
e
Ta
ke
th
an
ei
th
er
th
e
We
st
er
n
or
th
e
Ce
nt
ra
i
Ba
si
ns
.
RATIONALE
FOR
PHOSPHORUS
CONTROL
IN
THE
GREAT
LAKES
Since the 1972 Water Quality Agreement, there has been increased scien-
tific evidence in support of phosphorus control for the Great Lakes. Bio-
assay experiments in Lake Huron have shown that phosphorus is the most im-
portant nutrient limiting the growth rates of the phytoplankton.
Recent
work has led to the hypothesis that there are biological mechanisms in lakes
which can correct algal deficiencies of carbon and nitrogen. The occurrence
of N fixation in Green Bay and in the Western Basin of Lake Erie has been
found when dissolved nitrogen levels became extremely low. Carbon has been
shown not to be an important limiting nutrient in lake systems which receive
large inputs of phosphorus. Even a deficiency in silicon will not neces-
sarily limit phytoplankton crops. It has been hypothesized that increasing
silicon depletion in Lake Michigan will lead to a species shift from diatoms
to green and blue-green phytoplankton. These latter types do not have a
major requirement for silicon.
An intensive study of the depletion of dissolved oxygen was conducted
in the Central Basin of Lake Erie. It was found that the rate of phos-
phorus regeneration from the sediments under anaerobic conditions was
eleven (ll) times greater than the regeneration rate under aerobic condi-
tions. The decomposition of dead phytoplankton was found to be the major
cause of the oxygen depletion in the Central Basin.
 
 Ph
os
ph
or
us
is
th
e
si
ng
ie
ei
em
en
t
fo
r
wh
ic
h
al
l
ph
yt
op
la
nk
to
n
ha
ve
an
ab
-
so
iu
te
re
qu
ir
em
en
t,
an
d
fo
r
wh
ic
h
th
er
e
ex
is
ts
pr
ac
ti
ca
i
co
nt
ro
i
me
th
od
-
oiogy.
Ex
ce
ss
iv
e
gr
ow
th
of
Ci
ad
op
ho
ra
,
an
at
ta
ch
ed
ai
ga
,
ha
s
be
co
me
an
in
-
c
r
e
a
s
i
n
g
p
r
o
b
i
e
m
in
t
h
e
G
r
e
a
t
L
a
k
e
s
.
A
i
t
h
o
u
g
h
C
l
a
d
o
p
h
o
r
a
g
r
o
w
t
h
is
b
e
i
i
e
v
e
d
to
be
r
e
i
a
t
e
d
to
th
e
ge
ne
ra
i
ie
ve
]
of
p
h
o
s
p
h
o
r
us
en
ri
ch
me
nt
,
th
er
e
is
pr
e-
s
e
n
t
l
y
an
i
n
s
u
f
f
i
c
i
e
n
t
s
c
i
e
n
t
i
f
i
c
u
n
d
e
r
s
t
a
n
d
i
n
g
o
f
t
h
e
r
o
i
e
o
f
C
i
a
d
o
p
h
o
r
a
in
th
e
Gr
ea
t
La
ke
s
ec
os
ys
te
m.
Mo
re
re
se
ar
ch
is
ne
ed
ed
be
fo
re
ef
fe
ct
iv
e
co
nt
ro
l
s
t
r
a
t
e
g
i
e
s
c
a
n
b
e
d
e
v
e
l
o
p
e
d
.
 PRESENT CONDITIONS AND RECENT TRENDS
In order to describe in-lake conditions it is necessary to define appro-
priate indicator parameters. The primary indicator used in the present re-
port
was
tota
l ph
osph
orus
conc
entr
atio
n.
The
most
impo
rtan
t se
cond
ary
indi
-
cator used was chlorophyll a_concentration, a substitute for phytoplankton
den
sit
y.
Oth
er
ind
ica
tor
par
ame
ter
s w
ere
used
whe
re
it
was
nec
ess
ary
to
addr
ess
spec
ific
issu
es i
n mo
re d
etai
l i
n ce
rtai
n ba
sins
.
Diss
olve
d ox
ygen
con
cen
tra
tio
n
was
use
d
in
the
Cen
tra
l
Bas
in
of
Lak
e
Eri
e.
Phy
top
lan
kto
n
cell
vol
ume
dat
a f
or
dif
fer
ent
fun
cti
ona
l g
rou
ps
of
alg
ae,
e.g
.,
dia
tom
s a
nd
blu
e-g
ree
ns
wer
e
use
d
in
Sag
ina
w
Bay
ins
tea
d
of
chl
oro
phy
ll
g_c
onc
ent
rat
ion
.
Thi
s w
as
mai
nly
bec
aus
e s
eve
re
tas
te
and
odo
r p
rob
lem
s a
t t
he
pri
nci
pal
wa
te
r
in
ta
ke
pl
an
t
on
Sa
gi
na
w
Ba
y
we
re
fo
un
d
to
be
st
at
is
ti
ca
ll
y
co
rr
el
at
ed
wit
h t
he
blu
e-g
ree
n c
omp
one
nt
of
the
tot
al
phy
top
lan
kto
n c
rop
.
All
of
the
se
pa
ra
me
te
rs
we
re
re
la
te
d
to
th
e
ex
te
rn
al
ph
os
ph
or
us
lo
ad
s
fo
r
ea
ch
of
th
e
major basins.
The
ava
ila
ble
dat
a i
ndi
cat
e t
hat
the
re
hav
e b
een
few
sig
nif
ica
nt
cha
nge
s
in
ph
os
ph
or
us
or
ch
lo
ro
ph
yl
l
a_
co
nc
en
tr
at
io
ns
in
th
e
Gr
ea
t
La
ke
s
du
ri
ng
th
e
las
t t
en
yea
rs.
Rec
ent
con
dit
ion
s a
re
sum
mar
ize
d
in
Tab
le
I.
Dob
son
(l9
76)
in
ve
st
ig
at
ed
_p
os
si
bl
e
tr
en
ds
in
to
ta
l
ph
os
ph
or
us
,
ch
lo
ro
ph
yl
l
a,
Se
cc
hi
dep
th,
and
par
tic
ula
te
org
ani
c c
arb
on
usi
ng
sum
mer
dat
a g
ath
ere
d b
y t
he
Ca
na
da
Ce
nt
re
fo
r
In
la
nd
Wa
te
rs
.
Th
es
e
da
ta
in
cl
ud
e
th
e
pe
ri
od
l9
68
-1
97
5
for
Lak
es
Sup
eri
or,
Hur
on,
Ont
ari
o,
and
the
Cen
tra
l
Bas
in
of
Lak
e
Eri
e.
Do
bs
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re
po
rt
ed
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at
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e
Se
cc
hi
de
pt
h
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ke
On
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ri
o
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a
si
gn
if
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cant increasing trend. A11 of the other data either indicated no signifi-
cant trend or showed too much variabi1ity for trends to be detected. Insuf-
fici
ent
data
are
avai
1ab1
e fo
r an
y tr
end
ana1
ysis
on L
ake
Mich
igan
.
The
Gre
at
Lak
es
Wat
er
Qua
1it
y B
oar
d -
App
end
ix
B (
197
6)
has
rep
ort
ed
tha
t t
he
on1
y t
ren
d o
bse
rve
d a
nyw
her
e i
n L
ake
Eri
e f
or
pho
sph
oru
s o
r c
h10
rop
hy1
1 3
con
cen
tra
tio
ns
was
a
sig
nif
ica
nt
upw
ard
tre
nd
for
pho
sph
oru
s
con
cen
tra
tio
n
in t
he C
entr
a1
Basi
n.
The
same
repo
rt i
ndic
ates
that
ther
e ha
ve b
een
sign
i-
fic
ant
inc
rea
ses
in
bot
h
pho
sph
oru
s
and
ch1
oro
phy
11
3
con
cen
tra
tio
ns
in
the
inner portion of Saginaw Bay between 1974 to 1976.
Th
er
e
is
no
ev
id
en
ce
fo
r
an
y
co
ns
is
te
nt
ch
an
ge
in
th
e
di
ss
o1
ve
d
ox
yg
en
con
dit
ion
s
in
the
Cen
tra
1
Bas
in
sin
ce
197
0.
Dat
a a
re
ava
i1a
b1e
for
197
0
(B
ur
ns
an
d
Ro
ss
19
72
),
an
d
fo
r
ea
ch
ye
ar
fr
om
19
73
to
19
76
(G
re
at
La
ke
s
Wat
er
Qua
1it
y
Boa
rd
- A
ppe
ndi
x
B
197
6).
Wit
h
the
exc
ept
ion
of
197
5,
bet
wee
n
56
pe
rc
en
t
an
d
94
pe
rc
en
t
of
th
e
ar
ea
of
th
e
Ce
nt
ra
i
Ba
si
n
hy
po
1i
mn
io
n
be
-
ca
me
an
ox
ic
at
th
e
en
d
of
th
e
su
mm
er
st
ra
ti
fi
ca
ti
on
pe
ri
od
ea
ch
ye
ar
.
In
19
75
on
1y
4
pe
rc
en
t
of
th
e
hy
po
1i
mn
et
ic
ar
ea
be
ca
me
an
ox
ic
at
th
at
ti
me
.
The
dat
a
sup
por
t
the
con
ten
tio
n
tha
t
the
con
dit
ion
s
in
197
5 w
ere
an
ana
mo1
y
du
e
to
an
un
us
ua
11
y
ca
1m
an
d
wa
rm
sp
ri
ng
pe
ri
od
wh
ic
h
re
su
1t
ed
in
th
e
fo
rm
a-
tio
n
of
an
unu
sua
11y
1ar
ge
hyp
o1i
mni
on.
The
net
oxy
gen
dem
and
of
the
hyp
o-
1i
mn
io
n
in
te
rm
s
of
mg
02
/1
/d
ha
s
re
ma
in
ed
un
ch
an
ge
d
si
nc
e
19
70
.
Th
e
ne
t
are
a1
ox
yg
en
de
ma
nd
of
th
e
hy
po
Ti
mn
io
n
in
te
rm
s
of
mg
02
/a
/d
sh
ow
s
an
ap-
pa
re
nt
in
cr
ea
se
si
nc
e
19
70
(G
re
at
La
ke
s
Wa
te
r
Qu
a1
it
y
Bo
ar
d
Re
po
rt
-
Ap
pe
n-
dix B 1976)..
Th
e
ge
ne
ra
]
1a
ck
of
si
gn
if
ic
an
t
tr
en
ds
fo
r
in
-1
ak
e
ph
os
ph
or
us
an
d
ch
1o
ro
ph
y1
1
a
co
nc
en
tr
at
io
ns
is
co
ns
is
te
nt
wi
th
a
si
mi
1a
r
1a
ck
of
si
gn
if
i-
ca
nt
tr
en
ds
fo
r
ph
os
ph
or
us
1o
ad
in
gs
.
Th
er
e
ha
s
be
en
no
si
gn
if
ic
an
t
ch
an
ge
11
 
 in
th
e
ph
os
ph
or
us
1o
ad
in
g
to
La
ke
On
ta
ri
o
du
ri
ng
th
e
pe
ri
od
19
68
-1
97
4
(B
ie
rm
an
19
77
).
Ya
ks
ic
h
(1
97
7b
)
ha
s
re
po
rt
ed
no
si
gn
if
ic
an
t
ch
an
ge
in
th
e
ph
os
ph
or
us
1o
ad
in
g
to
La
ke
Er
ie
du
ri
ng
th
e
pe
ri
od
19
70
-1
97
6.
Co
mp
re
he
ns
iv
e
1o
ad
in
g
da
ta
fo
r
Sa
gi
na
w
Ba
y
ar
e
on
1y
av
ai
1a
b1
e
fr
om
19
74
to
19
76
,
an
d
th
ey
s
h
o
w
a
h
i
g
h
d
e
g
r
e
e
of
y
e
a
r
-
t
o
-
y
e
a
r
v
a
r
i
a
b
i
1
i
t
y
.
L
o
a
d
i
n
g
d
a
t
a
f
o
r
t
h
e
o
t
h
e
r
ma
jo
r
ba
si
ns
in
th
e
Gr
ea
t
La
ke
s
ar
e
in
ad
eq
ua
te
fo
r
me
an
in
gf
u1
tr
en
d
ana1yses.
Th
e
1a
ck
of
si
gn
if
ic
an
t
tr
en
ds
in
ph
os
ph
or
us
1o
ad
in
gs
do
es
no
t
ne
ce
s-
s
a
r
i
1
y
i
m
p
1
y
t
h
a
t
t
h
e
r
e
h
a
s
b
e
e
n
n
o
p
r
o
g
r
e
s
s
in
i
m
p
1
e
m
e
n
t
i
n
g
t
h
e
o
b
j
e
c
t
i
v
e
s
of
th
e
19
72
Wa
te
r
Qu
a1
it
y
Ag
re
em
en
t.
0n
th
e
co
nt
ra
ry
,
th
e
av
ai
1a
b1
e
da
ta
f
o
r
m
u
n
i
c
i
p
a
1
p
o
i
n
t
s
o
u
r
c
e
d
i
s
c
h
a
r
g
e
s
i
n
d
i
c
a
t
e
t
h
a
t
t
h
e
r
e
h
a
v
e
b
e
e
n
s
u
b
-
st
an
ti
a1
re
du
ct
io
ns
,
es
pe
ci
a1
1y
si
nc
e
19
75
(G
re
at
La
ke
s
Wa
te
r
Qu
a1
it
y
-
A
p
p
e
n
d
i
x
C
1
9
7
6
)
.
It
is
d
i
f
f
i
c
u
1
t
t
o
o
b
s
e
r
v
e
t
h
e
s
e
r
e
d
u
c
t
i
o
n
s
in
t
h
e
t
o
t
a
1
p
h
o
s
p
h
o
r
us
1o
ad
in
gs
b
e
c
a
us
e
th
e
an
nu
a1
va
r
i
a
t
i
o
n
s
in
th
e
t
r
i
b
ut
a
r
y
1o
ad
in
gs
a
r
e
s
u
f
f
i
c
i
e
n
t
1
y
1
a
r
g
e
t
o
d
i
s
t
o
r
t
t
r
e
n
d
s
w
h
i
c
h
m
i
g
h
t
o
t
h
e
r
w
i
s
e
b
e
a
p
p
a
r
e
n
t
.
Do
bs
on
(1
97
8)
ha
s
r
e
p
o
r
t
e
d
th
at
th
e
wi
n
t
e
r
av
er
ag
e
to
ta
1
p
h
o
s
p
h
o
r
us
co
nc
en
-
t
r
a
t
i
o
n
in
L
a
k
e
O
n
t
a
r
i
o
w
a
s
2
-
3
p
g
/
1
1
o
w
e
r
in
1
9
7
7
t
h
a
n
in
1
9
7
4
.
A
1
t
h
o
u
g
h
th
e
st
at
is
ti
ca
1
s
i
g
n
i
f
i
c
a
n
c
e
of
th
es
e
da
ta
ha
s
no
t
be
en
sh
ow
n,
ex
ce
pt
pe
r-
h
a
p
s
i
n
c
e
r
t
a
i
n
n
e
a
r
s
h
o
r
e
a
r
e
a
s
,
i
t
is
p
o
s
s
i
b
1
e
t
h
a
t
t
h
e
c
h
a
n
g
e
is
p
a
r
t
o
f
a
de
ve
1o
pi
ng
tr
en
d
in
th
e
re
sp
on
se
of
La
ke
On
ta
ri
o
to
re
du
ct
io
ns
in
mu
ni
ci
-
p
a
1
p
o
i
n
t
s
o
u
r
c
e
1
o
a
d
i
n
g
s
.
A
d
d
i
t
i
o
n
a
1
m
e
a
s
u
r
e
m
e
n
t
s
a
r
e
n
e
e
d
e
d
o
v
e
r
a
1
o
n
g
e
r
pe
ri
od
of
ti
me
to
c
o
n
f
i
r
m
an
y
tr
en
ds
in
ei
th
er
p
h
o
s
p
h
o
r
us
1o
ad
s
or
in
-1
ak
e
p
h
o
s
p
h
o
r
u
s
c
o
n
c
e
n
t
r
a
t
i
o
n
s
.
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PHOSPHORUS LOADINGS TO THE GREAT LAKES
Genera1
To set phosphorus 1oading objectives for the Great Lakes it was neces-
sar
y t
o f
irs
t e
sta
b1i
sh
pre
sen
t p
hos
pho
rus
1oa
din
gs.
Mos
t o
f t
he
rec
ent
in-
formation avai1ab1e to the T6 was contained in the 1976 Great Lakes Water
Qua
Tit
y B
oar
d R
epo
rt
- A
ppe
ndi
x B
.
Thi
s i
nfo
rma
tio
n w
as
sup
p1e
men
ted
and
,
in s
ome
case
s, r
evis
ed,
by v
ario
us T
G st
udie
s.
Munr
o (
1977
) co
ntai
ns a
det
ai1
ed
des
cri
pti
on
of
pho
sph
oru
s
1oa
ds
by
ind
ivi
dua
1
sou
rce
s
and
jur
isd
ic-
tio
ns
for
a11
of
the
maj
or
bas
ins
con
sid
ere
d.
Thi
s d
ocu
men
t c
ons
tit
ute
d t
he
pr
im
ar
y
re
fe
re
nc
e
fo
r
th
e
su
mm
ar
y
ta
b1
es
co
nt
ai
ne
d
in
th
e
pr
es
en
t
re
po
rt
.
Any
sub
seq
uen
t r
evi
sio
ns
to
the
res
u1t
s f
rom
Mun
ro
(197
7)
are
not
ed
be1
ow.
Th
e
co
mp
on
en
ts
of
to
ta
1
ph
os
ph
or
us
1o
ad
th
at
ap
pe
ar
in
co
nv
en
ti
on
a1
ta
b-
u1a
tio
ns
are
usu
a11
y d
ist
ing
uis
hed
on
the
bas
is
of
the
ope
rat
ion
a1
pro
ce-
du
re
s
us
ed
to
re
du
ce
th
e
ra
w
da
ta
.
So
me
co
nf
us
io
n
ar
is
es
be
ca
us
e
th
es
e
co
m-
pon
ent
s a
re
not
con
sis
ten
t w
ith
com
pon
ent
s d
ist
ing
uis
hed
on
the
bas
is
of
so
ur
ce
typ
e.
Th
es
e
1a
tt
er
co
mp
on
en
ts
are
mo
re
use
fu1
wh
en
co
ns
id
er
in
g
various phosphorus contro1 strategies.
The
tab
u1a
tio
ns
of
exi
sti
ng
pho
sph
oru
s
1oa
ds
in
the
pre
sen
t
rep
ort
fo1
-
1o
w
th
e
co
nv
en
ti
on
a1
fo
rm
at
.
It
sh
ou
1d
be
re
co
gn
iz
ed
th
at
mo
st
of
th
e
mu
ni
-
cip
a1
and
ind
ust
ria
T
inp
uts
are
inc
1ud
ed
in
the
com
pon
ent
s
ide
nti
fie
d a
s
Mo
ni
to
re
d/
Un
mo
ni
to
re
d
Tr
ib
ut
ar
y
so
ur
ce
s.
Th
is
is
be
ca
us
e
mo
st
of
th
e
mu
ni
-
cip
a1
and
ind
ust
ria
1
inp
uts
to
the
Gre
at
Lak
es
are
not
dis
cha
rge
d
dir
ect
1y
 
to
th
e
la
ke
s.
In
st
ea
d,
th
ey
ar
e
fi
rs
t
di
sc
ha
rg
ed
to
va
ri
ou
s
tr
ib
ut
ar
ie
s
which then flow into the lakes.
Fr
om
th
e
st
an
dp
oi
nt
of
ph
os
ph
or
us
co
nt
ro
l
st
ra
te
gi
es
,
tw
o
br
oa
d
ty
pe
s
of
lo
ad
in
g
co
mp
on
en
ts
ha
ve
be
en
id
en
ti
fi
ed
:
po
in
t
lo
ad
s
an
d
no
n-
po
in
t
lo
ad
s.
Po
in
t
lo
ad
s
sh
ou
ld
be
ta
ke
n
to
in
cl
ud
e
al
l
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
so
ur
ce
s,
bo
th
di
re
ct
an
d
in
di
re
ct
.
No
n-
po
in
t
lo
ad
s
sh
ou
ld
be
ta
ke
n
to
in
cl
ud
e
di
f-
fu
se
lo
ad
s,
at
mo
sp
he
ri
c
lo
ad
s,
an
d
lo
ad
s
fr
om
in
te
r-
la
ke
ex
ch
an
ge
fl
ow
s.
Di
ff
us
e
lo
ad
s
in
cl
ud
e
di
ff
us
e
tr
ib
ut
ar
y
in
pu
ts
an
d
po
ss
ib
le
di
re
ct
di
ff
us
e
in
pu
ts
.
Th
e
di
ff
us
e
tr
ib
ut
ar
y
lo
ad
is
de
ri
ve
d
fr
om
ru
no
ff
,
pa
rt
ic
ul
ar
ly
ag
ri
cu
lt
ur
al
an
d
ur
ba
n,
an
d
gr
ou
nd
wa
te
r
fl
ow
.
Phosphorus Loads for l976
Ta
bl
es
II
-X
IV
co
nt
ai
n
su
mm
ar
y
in
fo
rm
at
io
n
on
th
e
ex
is
ti
ng
ph
os
ph
or
us
lo
ad
in
gs
fo
r
al
l
of
th
e
ba
si
ns
co
ns
id
er
ed
.
Ea
ch
ta
bl
e
in
cl
ud
es
a
pr
oj
ec
te
d
lo
ad
in
g
fo
r
th
e
ca
se
in
wh
ic
h
al
l
mu
ni
ci
pa
l
po
in
t
di
sc
ha
rg
es
gr
ea
te
r
th
an
1
mg
d
ac
hi
ev
e
a
l
mg
/l
ef
fl
ue
nt
co
nc
en
tr
at
io
n.
Th
is
pr
oj
ec
ti
on
in
cl
ud
es
bo
th
di
re
ct
an
d
in
di
re
ct
mu
ni
ci
pa
l
di
sc
ha
rg
es
.
It
sh
ou
ld
be
no
te
d
th
at
a
nu
mb
er
of
mu
ni
ci
pa
li
ti
es
cu
rr
en
tl
y
di
sc
ha
rg
e
ph
os
ph
or
us
at
co
nc
en
tr
at
io
ns
le
ss
th
an
l mg/l (Munro l977).
Lo
ad
s
re
su
lt
in
g
fr
om
sh
or
el
in
e
er
os
io
n
ar
e
in
di
ca
te
d
in
th
e
su
mm
ar
y
ta
bl
es
;
ho
we
ve
r,
th
ey
ar
e
no
t
in
cl
ud
ed
in
th
e
su
mm
at
io
n
of
to
ta
l
lo
ad
in
gs
to
th
e
ba
si
ns
.
It
wa
s
th
eo
pi
ni
on
of
th
e
TG
th
at
er
os
io
n
lo
ad
s
we
re
no
t
a
si
gn
if
ic
an
t
fa
ct
or
in
wh
ol
e-
la
ke
ph
os
ph
or
us
dy
na
mi
cs
.
Ne
it
he
r
th
e
to
ta
l
ph
os
ph
or
us
fr
om
sh
or
e
er
os
io
n
no
r
th
e
es
ti
ma
te
s
of
av
ai
la
bl
e
ph
os
ph
or
us
fr
om
sh
or
e
er
os
io
n
we
re
ea
si
ly
co
mp
ar
ab
le
to
th
e
ph
os
ph
or
us
lo
ad
in
gs
fo
r
ot
he
r
so
ur
ce
s.
Fu
rt
he
r,
th
er
e
is
no
di
re
ct
co
mp
ar
is
on
be
tw
ee
n
th
e
ac
id
ex
tr
ac
t-
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TABLE
II. 1
976 TO
TAL PH
OSPHOR
US LOA
DING T
0 LAKE
SUPERI
OR
IN MET
RIC TO
NNES P
ER YEA
R
 
Sourc
e
Minne
sota
Wisco
nsin
Michi
gan
Ontar
io
Total
1
No Dat
a
No Dat
a
l02
l041
1
Direct In
dustrial
2
Direc
t Mu
nicip
al
12
81
26
31
77
Tribu
tary
- Mon
itore
d
l43
83
24l
l24l
l708
Tribu
tary
- Unm
onito
red
US 37
8
2l4
592
Atmos
pheri
c
1089
TOTAL
(Excl
uding
shore
erosi
on a
nd re
-entr
y fr
omsed
iment
s)
3570
(3352
)2
1
5
Shore
Erosi
on
US (f
rom G
LBC)
acid
extra
ctabl
e3
2000
Total
3800
Cana
da
(fro
m PL
UARG
) n
on a
pati
te
Not
sign
ific
ant
Tota
l
Not
sign
ific
ant
1Indic
ates v
alue d
iffere
nt fro
m that
in 197
6 GLWQ
B repo
rt - s
ee Mun
ro (l9
77) fo
r deta
ils.
2Total
Toad a
ssumin
g l mg
/l eff
luent
standa
rd for
all mu
nicipa
l disc
harges
greate
r than
T mgd.
3A5 de
termin
ed by
extrac
tion i
n 0.05
normal
HCl, n
ot to
be con
fused
with a
vailab
le P.
The fr
action
of tot
al P t
hat is
availa
ble fo
r biol
ogical
uptake
is lik
ely mu
ch les
s than
that m
easure
d as a
0.05N
HCl extraction of
shoreline samples
.
 
  
1
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TA
BL
E
II
I.
19
76
TO
TA
L
PH
OS
PH
OR
US
LO
AD
IN
GS
T0
LA
KE
MI
CH
IG
AN
IN
M
E
T
R
I
C
T
O
N
N
E
S
PE
R
Y
E
A
R
So
ur
ce
_
Wi
sc
on
si
n
Mi
ch
ig
an
11
1i
no
is
‘
In
di
an
a
To
ta
1
Di
re
ct
In
du
st
ri
a1
41
61
31
32
45
1
Di
re
ct
Mu
ni
ci
pa
1
95
6
19
67
1
No
Da
ta
10
42
1
19
02
No
Da
ta
40
7
31
79
715
Tr
ib
ut
ar
y
-
Mo
ni
to
re
d
87
0
T
r
i
b
u
t
a
r
y
-
U
n
m
o
n
i
t
o
r
e
d
At
mo
sp
he
ri
c
16
90
 
TO
TA
L
(E
xc
1u
di
ng
sh
or
e
er
os
io
n
an
d
re
—e
nt
ry
fr
om
se
di
me
nt
s)
66
71
(5
55
3)
2
Sh
or
e
Er
os
io
n
(f
ro
m
GL
BC
)
ac
id
ex
tr
ac
ta
b1
e3
15
00
To
ta
1
37
00
1I
nd
ic
at
es
va
1u
e
di
ff
er
en
t
fr
om
th
at
in
19
76
GL
NQ
B
re
po
rt
-
se
e
Mu
nr
o
(1
97
7)
fo
r
de
ta
iT
s.
2T
ot
a1
To
ad
as
su
mi
ng
1
mg
/1
ef
f1
ue
nt
st
an
da
rd
fo
r
a1
1
mu
ni
ci
pa
1
di
sc
ha
rg
es
gr
ea
te
r
th
an
1
mg
d.
3A
5
de
te
rm
in
ed
by
ex
tr
ac
ti
on
in
0.
05
no
rm
a1
HC
1,
no
t
to
be
co
nf
us
ed
wi
th
av
ai
1a
b1
e
P.
Th
e
fr
ac
ti
on
of
to
ta
1
P
th
at
is
av
ai
1a
b1
e
fo
r
bi
o1
og
ic
a1
up
ta
ke
is
1i
ke
1y
mu
ch
1e
ss
th
an
th
at
me
as
ur
ed
as
a
0.
05
N
HC
1
ex
tr
ac
ti
on
of
sh
or
e1
in
e
sa
mp
1e
s.
1
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TABLE
IV. 1
976 TO
TAL PH
OSPHOR
US LOA
DINGS
TO GEO
RGIAN
BAY -
LAKE H
URON
IN MET
RIC TO
NNES P
ER YEA
R
 
Sou
rce
Direct Industriai
Dire
ct M
unic
ipal
Tributary
- Monitor
ed
Tribut
ary -
Unmoni
tored
Atmospheric (1510
8 ka - 25%)
Ont
ari
o
No
Dat
a
49
263
50
266
TOTAL
(Exci
uding
shore
erosi
on a
nd re
~entr
y fro
m sed
iment
s)
Shore
Erosio
n PLUA
RG est
imates
no sig
nifica
nt ero
sion c
ontrib
ution
Tot
aT
49
263
50
266
£
2
5
.
(
5
9
8
)
1
1TotaT
Toad a
ssumin
g 1 mg
/T eff
luent
standa
rd for
a1] mu
nicipa
T disc
harges
greate
r than
T mgd.
 1
8
T
A
B
L
E
V
.
1
9
7
6
T
O
T
A
L
P
H
O
S
P
H
O
R
U
S
L
O
A
D
I
N
G
S
T
O
N
O
R
T
H
C
H
A
N
N
E
L
-
L
A
K
E
H
U
R
O
N
I
N
M
E
T
R
I
C
T
O
N
N
E
S
P
E
R
Y
E
A
R
S
o
u
r
c
e
M
i
c
h
i
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36
0
me
tr
ic
to
nn
es
pe
r
an
nu
m
(m
ta
).
Th
is
co
ns
ti
tu
te
s
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pe
rc
en
t
of
th
e
to
ta
1
To
ad
to
Sa
gi
na
w
Ba
y
in
19
76
.
Ap
pr
op
ri
at
e
re
vi
si
on
s
ha
ve
be
en
ma
de
to
th
e
ph
os
ph
or
us
1o
ad
in
gs
in
Ta
b1
e
VI
fo
r
Sa
gi
na
w
Ba
y,
an
d
in
Ta
b1
es
VI
I
an
d
VI
II
fo
r
Ma
in
La
ke
Hu
ro
n
an
d
To
ta
1
La
ke
Hu
ro
n,
re
sp
ec
ti
ve
1y
.
No
te
th
at
th
e
co
nt
ri
bu
ti
on
s
of
Ge
or
gi
an
Ba
y
an
d
No
rt
h
Ch
an
ne
1
to
Ma
in
La
ke
Hu
ro
n
we
re
ba
se
d
on
es
ti
ma
te
s
fr
om
th
e
Up
pe
r
La
ke
s
Re
fe
re
nc
e
Gr
ou
p
Re
po
rt
,
Vo
1u
me
II
.
Fo
r
so
me
of
th
e
ba
si
ns
co
ns
id
er
ed
,
th
e
pr
oj
ec
te
d
ph
os
ph
or
us
1o
ad
in
gs
as
-
su
mi
ng
a
1
mg
/1
ef
f1
ue
nt
st
an
da
rd
fo
r
mu
ni
ci
pa
I
di
sc
ha
rg
es
gr
ea
te
r
th
an
1
mg
d
we
re
ta
ke
n
fr
om
so
ur
ce
s
ot
he
r
th
an
Mu
nr
o
(1
97
7)
.
Fo
r
Sa
gi
na
w
Ba
y,
th
e
pr
oj
ec
te
d
1o
ad
fo
r
1
mg
/1
in
c1
ud
es
a
20
0
mt
a
co
nt
ri
bu
ti
on
fr
om
th
e
F1
in
t
mu
ni
ci
pa
1
p1
an
t,
in
st
ea
d
of
th
e
13
0
mt
a
co
nt
ri
bu
ti
on
re
po
rt
ed
in
Mu
nr
o
(1
97
7)
.
F1
in
t
di
d
no
t
im
p1
em
en
t
ph
os
ph
or
us
re
mo
va
1
in
19
76
an
d
it
di
d
no
t
re
po
rt
an
e
f
f
1
ue
n
t
p
h
o
s
p
h
o
ru
s
c
o
n
c
e
n
t
r
a
t
i
o
n
in
19
76
.
M
un
r
o
us
ed
th
e
av
er
ag
e
ef
f1
ue
nt
co
nc
en
tr
at
io
n
fr
om
a1
1
ot
he
r
p1
an
ts
in
Mi
ch
ig
an
to
de
ve
1o
p
th
e
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value of 130 mta. The TG decided that a value of 200 mta was more realis-
tic, since many of the Michigan plants have either partially or completely
implemented phosphorus removal. For Lake Erie, the projected loads for 1
mg/l were taken from Yaksich (l977a). These values were developed as part
of the U.S. Army Corps of Engineers Lake Erie Hastewater Management Study.
Base Year Loads
To define phosphorus loading objectives in a more consistent fashion it
was
deci
ded
to d
evel
op b
ase
year
load
s fo
r th
e sy
stem
s wh
ich
were
most
highly enriched. The purpose was to normalize the annual variations in the
non-
poin
t co
mpon
ents
of t
he t
otal
phos
phor
us
load
ings
. T
he n
on-p
oint
sour
ce
components of the base loads were developed using historical average data
for
trib
utar
y fl
ows
and
inte
r-la
ke e
xcha
nge
flow
s.
The
poin
t so
urce
com-
ponents and the atmospheric source components of the base loads are the same
as in the l976 loads.
Base year loads were developed for Saginaw Bay (Bierman 1978a) and Lake
Eri
e
(Ya
ksi
ch
l97
7a)
by
sca
lin
g
the
pre
sen
t
dat
a f
or
tri
but
ary
sou
rce
s
to
correspond to the historical average tributary flows. For Lake Ontario, a
bas
e
loa
d
was
dev
elo
ped
onl
y f
or
the
Lak
e
Eri
e
con
tri
but
ion
to
the
tot
al
pho
sph
oru
s
loa
d,
and
not
for
the
tri
but
ari
es
in
the
Lak
e O
nta
rio
bas
in
pro
-
pe
r
(C
ha
pr
a
l9
78
).
Ta
bl
e
XV
co
nt
ai
ns
a
su
mm
ar
y
of
all
th
e
ba
se
ye
ar
lo
ad
s
tha
t w
ere
dev
elo
ped
and
pro
jec
ted
loa
din
gs
cor
res
pon
din
g t
o t
he
l mg
/l
tr
ea
tm
en
t
lev
el
re
la
ti
ve
to
th
e
ba
se
ye
ar
lo
ad
s.
Ta
bl
e
XVI
co
nt
ai
ns
a
pe
r-
centage breakdown, relative to the base year loads, of the major loading
components for each basin.
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5
11
08
8
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TABLE XVI. PERCENTAGE OF BASE YEAR TOTAL PHOSPHORUS LOAD CONSTITUTED
BY POINT, TOTAL NON-POINT AND DIFFUSE COMPONENTS
Total Non-Point
Basi
n
Poin
t So
urce
s1
Sour
ces2
Diff
use
Sour
ces3
Superior 8 92 6l
Mic
hig
an
34
66
4l
Hur
on
ll
89
48
Sag
ina
w B
ay
36
64
59
Geo
rgi
an
Bay
l3
87
'
45
No
rt
h
Ch
an
ne
l
l0
90
54
Er
ie
43
57
4l
We
st
er
n
46
54
39
Ce
nt
ra
l
39
61
43
Ea
st
er
n
l9
81
6l
On
ta
ri
o
27
73
34
1I
nc
lu
de
s
on
ly
mu
ni
ci
pa
l
so
ur
ce
s
fo
r
th
e
Up
pe
r
La
ke
s
an
d
bo
th
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
so
ur
ce
s
fo
r
th
e
Lo
we
r
La
ke
s.
In
du
st
ri
al
so
ur
ce
s
do
no
t
co
ns
ti
-
tu
te
a
su
bs
ta
nt
ia
l
po
rt
io
n
of
to
ta
l
po
in
t
lo
ad
s
fo
r
th
e
Lo
we
r
La
ke
s.
2I
nc
lu
de
s
di
ff
us
e
lo
ad
s,
at
mo
sp
he
ri
c
lo
ad
s
an
d
lo
ad
s
fr
om
in
te
r-
la
ke
ex
-
ch
an
ge
fl
ow
s.
Fo
r
La
ke
Er
ie
,
ap
pr
ox
im
at
el
y
l8
%
of
th
e
to
ta
l
no
n-
po
in
t
lo
ad
is
co
nt
ri
bu
te
d
by
La
ke
Hu
ro
n
ou
tf
lo
w.
Fo
r
La
ke
On
ta
ri
o,
ap
pr
ox
im
at
el
y
48
%
of
th
e
to
ta
l
no
n-
po
in
t
lo
ad
is
co
nt
ri
bu
te
d
by
La
ke
Er
ie
ou
tf
lo
w.
3I
nc
lu
de
s
di
ff
us
e
tr
ib
ut
ar
y
lo
ad
s
an
d
di
re
ct
di
ff
us
e
in
pu
ts
.
Di
ff
us
e
tr
ib
-
ut
ar
y
lo
ad
s
co
ns
is
t
of
ru
no
ff
,
pa
rt
ic
ul
ar
ly
ag
ri
cu
lt
ur
al
an
d
ur
ba
n,
an
d
groundwater flow.
 
 APPROACH TO LOADING OBJECTIVES
General
Ph
os
ph
or
us
lo
ad
in
g
ob
je
ct
iv
es
we
re
ba
se
d
on
th
e
in
-l
ak
e
co
nd
it
io
ns
co
r-
re
sp
on
di
ng
to
di
ff
er
en
t
ph
os
ph
or
us
lo
ad
in
g
le
ve
ls
fo
r
ea
ch
la
ke
.
On
ly
th
e
wa
te
r
qu
al
it
y
co
nd
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io
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in
th
e
op
en
-w
at
er
zo
ne
s
we
re
co
ns
id
er
ed
.
Ne
ar
sh
or
e
wa
te
r
qu
al
it
y
pr
ob
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,
su
ch
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ex
ce
ss
iv
e
Cl
ad
op
ho
ra
gr
ow
th
,
we
re
no
t
ex
pl
i-
ci
tl
y
co
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id
er
ed
.
An
nu
al
av
er
ag
e
va
lu
es
we
re
us
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fo
r
ph
os
ph
or
us
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ad
s
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d
ph
os
ph
or
us
c
o
n
c
e
n
t
r
a
t
i
o
n
s
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Va
lu
es
on
th
e
a
p
p
r
o
p
r
i
a
t
e
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we
re
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r
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y
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te
r
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al
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y
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ra
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te
rs
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ch
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yt
op
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to
n,
ch
lo
ro
ph
yl
l
a,
ta
st
e
an
d
od
or
,
an
d
di
ss
ol
ve
d
ox
yg
en
.
Th
e
ba
si
c
pr
ob
le
m
in
de
ve
lo
pi
ng
ob
je
ct
iv
es
fo
r
ph
os
ph
or
us
lo
ad
in
gs
is
to
id
en
ti
fy
th
e
ap
pr
op
ri
at
e
ca
us
e-
ef
fe
ct
re
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ti
on
sh
ip
s
in
th
e
la
ke
sy
st
em
s.
Ex
te
rn
al
ph
os
ph
or
us
lo
ad
s
ar
e
a
ca
us
e,
an
d
la
ke
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sp
on
se
s
in
th
e
fo
rm
of
ph
os
ph
or
us
,
ch
lo
ro
ph
yl
l_
a,
an
d
di
ss
ol
ve
d
ox
yg
en
co
nc
en
tr
at
io
ns
,
ar
e
ef
fe
ct
s.
In
or
de
r
to
de
ve
lo
p
re
co
mm
en
da
ti
on
s
fo
r
ob
je
ct
iv
es
,
qu
an
ti
ta
ti
ve
es
ti
ma
te
s
mu
st
be
ma
de
of
la
ke
re
sp
on
se
s
to
ph
os
ph
or
us
lo
ad
s
th
at
ar
e
di
ff
er
en
t
fr
om
th
e
pr
es
en
t
lo
ad
s.
In
th
is
re
po
rt
,
va
ri
ou
s
ty
pe
s
of
ma
th
em
at
ic
al
mo
de
ls
we
re
us
ed
to
ma
k
e
th
es
e
q
ua
n
t
i
t
a
t
i
ve
e
s
t
i
m
a
t
e
s
fo
r
t
h
o
s
e
ba
si
ns
wh
ic
h
ha
ve
th
e
mo
st
se
ri
ou
s
wa
te
r
qu
al
it
y
pr
ob
le
ms
.
Mathematical Models
Th
e
mo
de
ls
us
ed
ra
ng
ed
fr
om
si
mp
le
,
em
pi
ri
ca
l
co
rr
el
at
io
ns
be
tw
ee
n
to
ta
l
p
h
o
s
p
h
o
r
us
lo
ad
s
an
d
va
ri
ou
s
s
e
c
o
n
d
a
r
y
p
a
r
a
m
e
t
e
r
s
,
to
e
x
t
r
e
m
e
l
y
c
o
m
p
l
e
x
m
e
-
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 chanistic models which involve dynamic calculations for the major physical,
chemical, and biological processes that actually occur in the lakes. In the
case of the Great Lakes, all of these models have been tested only against
existing conditions. None of the models have been tested for loads other
than the present loads because there have been no significant trends in
loads during the period of time for which comprehensive in-lake data were
available for comparison with model output (5-l0 years).
The state-of-the-art of mathematical modeling of the processes asso-
ciated with eutrophication is still in its infancy. To the best of our
know
ledg
e,
ther
e ha
ve b
een
no d
ocum
ente
d ca
ses
wher
e a
math
emat
ical
mode
l
has been used, a_priggi, to successfully predict the response of a lake
sys
tem
to
a s
ubs
tan
tia
l c
han
ge
in
pho
sph
oru
s l
oads
.
Som
e o
f t
he
sim
ple
empirical models have been successful in describing the statistical re-
spo
nse
s o
f l
arg
e n
umb
ers
of
lake
s o
ver
a w
ide
ran
ge
of
loa
din
g c
ond
iti
ons
;
how
eve
r,
suc
h m
ode
ls
do
not
nec
ess
ari
ly
give
cor
rec
t r
esu
lts
for
any
sin
gle
lak
e.
On
the
oth
er
han
d,
com
pli
cat
ed
mec
han
ist
ic
mod
els
whi
ch
hav
e
bee
n
deve
lope
d fo
r sp
ecif
ic s
yste
ms s
uffe
r th
e di
sadv
anta
ge o
f po
tent
ial
unce
r-
ta
in
ti
es
wh
en
th
ey
ar
e
us
ed
to
de
sc
ri
be
la
ke
re
sp
on
se
s
to
lo
ad
s
th
at
ar
e
very different from present loads for those systems.
In
or
de
r
to
pr
ov
id
e
th
e
st
ro
ng
es
t
po
ss
ib
le
sc
ie
nt
if
ic
ba
si
s
fo
r
th
e
rec
omm
end
ati
ons
in
the
pre
sen
t r
epo
rt,
fiv
e d
iff
ere
nt
mod
els
wer
e u
sed
.
At
le
as
t
th
re
e
of
th
es
e
mo
de
ls
we
re
us
ed
on
ea
ch
ba
si
n.
Co
mp
ar
is
on
s
we
re
ma
de
am
on
g
th
e
ab
il
it
ie
s
of
th
e
mo
de
ls
to
de
sc
ri
be
pr
es
en
t
co
nd
it
io
ns
and
am
on
g
th
e
pr
ed
ic
ti
on
s
of
th
e
mo
de
ls
un
de
r
ch
an
ge
s
in
ph
os
ph
or
us
lo
ad
s.
 
 DESCRIPTION OF MATHEMATICAL MODELS
Th
is
se
ct
io
n
co
nt
ai
ns
a
br
ie
f
de
sc
ri
pt
io
n
of
ea
ch
of
th
e
ma
th
em
at
ic
al
mo
de
ls
us
ed
.
Th
e
pr
in
ci
pa
l
ch
ar
ac
te
ri
st
ic
s
of
ea
ch
mo
de
l
ar
e
su
mm
ar
iz
ed
in
Ta
bl
e
XV
II
.
Fo
r
co
mp
re
he
ns
iv
e
de
ta
il
s,
re
fe
r
to
th
e
pr
im
ar
y
re
fe
re
nc
es
cited for each model.
Vollenweider
Th
e
ve
rs
io
n
of
th
e
Vo
ll
en
we
id
er
ap
pr
oa
ch
us
ed
in
th
e
pr
es
en
t
an
al
ys
is
is
ba
se
d
on
an
em
pi
ri
ca
l
co
rr
el
at
io
n
be
tw
ee
n
ph
os
ph
or
us
lo
ad
an
d
in
-l
ak
e
co
n-
ce
nt
ra
ti
on
s
of
ph
os
ph
or
us
an
d
ch
lo
ro
ph
yl
l
a
(V
ol
le
nw
ei
de
r
l9
76
),
an
d
ca
n
be
ca
ll
ed
th
e
Vo
ll
en
we
id
er
lo
ad
in
g
pl
ot
mo
de
l.
Th
e
co
rr
el
at
io
ns
ar
e
a
fu
nc
ti
on
of
de
pt
h
an
d
hy
dr
au
li
c
de
te
nt
io
n
ti
me
.
In
de
ve
lo
pi
ng
th
e
co
rr
el
at
io
ns
,
da
ta
we
re
us
ed
fr
om
si
xt
y
(6
0)
te
mp
er
at
e-
zo
ne
la
ke
s
wh
ic
h
re
pr
es
en
te
d
a
ra
ng
e
of
co
nd
it
io
ns
fr
om
ol
ig
ot
ro
ph
ic
to
eu
tr
op
hi
c.
Co
nc
ep
tu
al
ly
,
th
e
Vo
ll
en
we
id
er
lo
ad
in
g
pl
ot
mo
de
l
or
ig
in
at
ed
fr
om
th
e
so
lu
ti
on
s
of
a
si
mp
li
fi
ed
ma
ss
ba
la
nc
e
mo
de
l
fo
r
a
mi
xe
d
re
ac
to
r
(V
ol
le
nw
ei
de
r
l9
69
,
19
75
).
In
pr
ac
ti
ce
,
th
e
Vo
ll
en
we
id
er
lo
ad
in
g
pl
ot
mo
de
l
is
ba
se
d
on
th
e
st
ea
dy
-s
ta
te
so
lu
ti
on
s
of
th
is
mi
xe
d
re
ac
to
r
mo
de
l.
In
th
e
st
ea
dy
st
at
e,
an
in
st
an
ta
ne
ou
s
re
la
ti
on
sh
ip
is
as
su
me
d
be
tw
ee
n
to
ta
l
ph
os
ph
or
us
lo
ad
an
d
th
e
co
rr
es
po
nd
in
g
in
-l
ak
e
co
nc
en
tr
at
io
n.
Th
e
Vo
ll
en
we
id
er
lo
ad
in
g
pl
ot
mo
de
l
ca
n
no
t
gi
ve
in
fo
rm
at
io
n
on
th
e
re
sp
on
se
tim
e
of
a s
yst
em
to
a c
han
ge
in
pho
sph
oru
s
loa
d;
how
eve
r,
it
can
giv
e
an
es
ti
ma
te
of
in
-l
ak
e
co
nd
it
io
ns
af
te
r
eq
ui
li
br
iu
m
ha
s
be
en
re
ac
he
d.
It
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 TABLE XVII.
SUMMARY
OF PRINCIPAL MODEL CHARACTERISTICS
Dynamic
Empirical
State
Variables
3
5
Spa
tia
l
Segmentation
Inmt
Requirements
Output
ollenweider
(All Basins)
No
Yes
N/A
No
Phosphorus load
Depth
Flushing rate
Phosphorus
Chlorophyll a
(steady state
equilibrium
values)
Cha
pra
(All Basins)
Lakes Ontario and Huron
Yes
Yes
Yes
No
Phosphorus (available and
Phosphorus
Nitrogen unavailable forms
Chlorophyll a
Zooplankton
Horizontal by major Horizontal and vertical
basin-no vertical
hosphorus load
Nitrogen
load
Temperature
Light
Depth
lushing
rate
lume
Phosphorus load
Dep
th
Flushing rate
Volume
Phosphorus (dyna-
mically calculated)
Chlorophyll a
Dissolved oxygen
(empirically corre-
lated to phosphorus)
ynamic concentrations for
each
state
variable
Manhattan College
Lake Erie
Yes
No
Phosphorus (avail-
Nitrogen able and
Silicon
unavail-
ab
le
forms)
Dissolveu Oxygen
Uiatom Chlorophyll
Non-Diatom Chloro-
phyll
Zooplankton
Horizontal and
vertical
Phosphorus
load
Nitrogen load
Silicon load
Temperature
Lig
ht
Dep
th
Flushing
rate
Volume
Sediment
nutrient
release
rates
Dynamic concentra-
tions
for
each
state variable
Bier
man
Sagin
aw Ba
y
Yes
No
Phosphorus
(avail-
Nitrogen
able and
Silicon
unavail-
able
forms)
Phytoplankton bio-
mass for five func-
tional groups (dia-
toms, greens, non-
heterocystous blue-
greens, hetero-
cystous blue—green
"others"
Zooplankton
No
Phosphorus load
Nitrogen load
Silicon load
Temperature
Lig
ht
Depth
Flushing rate
Volume
Dynamic concentra-
tions for each
state variable
 
  
shou1d be noted that Vo11enweider (1969) has a1so deve1oped time-variab1e
mode1s that can be used to make such ca1cu1ations.
Chapra
Chapra (1977) has used Vo11enweider's (1969) time-variab1e approach as
the
bas
is
for
a s
imp
1e
dyn
ami
c m
ass
ba1
anc
e m
ode
1 w
ith
pho
sph
oru
s c
onc
ent
ra-
tion as the principa1 variab1e. Tota1 phosphorus is considered to be a non-
con
ser
vat
ive
sub
sta
nce
whi
ch
doe
s
not
und
erg
o
any
tra
nsf
orm
ati
ons
in
the
water co1umn, but which is 1ost from the water co1umn via an apparent
set
t1i
ng
ve1
oci
ty.
Cha
pra
has
app
1ie
d t
his
mod
e1
to
the
Gre
at
Lak
es
as
a
coup
1ed
dyna
mic
syst
em o
f ba
sins
.
Give
n ph
osph
orus
1oad
, vo
1ume
, de
pth
and
f1o
w,
the
mod
e1
ca1
cu1
ate
s
in-
1ak
e
pho
sph
oru
s
con
cen
tra
tio
ns
as
a f
unc
tio
n
of time, simu1taneous1y for a11 of the major Great Lakes basins.
Sin
ce
the
Cha
pra
mod
e1
is
a d
yna
mic
mod
e1,
it
can
est
ima
te
bot
h
the
in-
Take concentrations and the response time for these concentrations as a re-
su1t of changes in phosphorus 1oads.
The
Cha
pra
mod
e1
con
tai
ns
an
emp
iri
ca1
com
pon
ent
whi
ch
a11
0ws
cor
re1
a-
tio
ns
to
be
mad
e
bet
wee
n
the
dyn
ami
ca1
1y
ca1
cu1
ate
d
tot
a1
pho
sph
oru
s
con
-
centrations and various secondary parameters such as ch1orophy11 a and dis-
so1ved oxygen concentrations.
The Chapra mode1 is different than the Vo11enweider 1oading p1ot mode1
in
tha
t C
hap
ra
dyn
ami
ca1
1y
ca1
cu1
ate
s p
hos
pho
rus
con
cen
tra
tio
n.
The
Cha
pra
mode1 and the_Vo11enweider Toading p1ot mode1 are simi1ar in that both
mod
eTS
use
emp
iri
ca1
cor
re1
ati
ons
bet
wee
n
pho
sph
oru
s
con
cen
tra
tio
n
and
ch1orophy11 a and disso1ved oxygen concentrations. V011enweider has used
dat
a f
rom
man
y d
iff
ere
nt
1ak
es
to
dev
e1o
p h
is
cor
re1
ati
ons
.
Cha
pra
has
use
d
on1y Great Lakes data.
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Manhattan Co11ege
Manhattan Co11ege has deve1oped mode1s for Lake Ontario (Thomann 33 a1.
1975, 1976; Hydroscience 1976), the Lake Huron-Saginaw Bay system (DiToro gt
_al. 1976; DiToro et_al. 1978a), and Lake Erie (DiToro 33 al. 1978b). These
are dynamic mass ba1ance mode1s which direct1y ca1cu1ate both phosphorus and
nitrogen concentrations. In this respect, they are conceptua11y simi1ar to
the Chapra mode1. The Manhattan mode1s differ from the Chapra mode1 in that
they a1so direct1y ca1cu1ate the secondary parameters, ch1orophy11 g_concen—
tration, zoop1ankton concentration, and, for Lake Erie, disso1ved oxygen
concentration.
In a11 of the Manhattan mode1s, phytop1ankton growth is a function of
phosphorus and nitrogen concentrations, temperature, and 1ight intensity.
Zoop1ankton growth is a function of phytop1ankton concentration and tempera-
ture.
Manhattan Co11ege has app1ied the same basic conceptua1 framework to
Lak
e O
nta
rio
and
to
the
Lak
e H
uro
n—S
agi
naw
Bay
syst
em.
A m
ore
adv
anc
ed
fra
mew
ork
was
app
1ie
d t
o L
ake
Erie
.
The
Lak
e E
rie
mod
e1
inc
1ud
es
bot
h d
ia-
tom
and
non
-di
ato
m p
hyt
op1
ank
ton
typ
es
and
sed
ime
nt
nut
rie
nt
re1
eas
e u
nde
r
anaerobic conditions.
Bierman
The
Bie
rma
n m
ode
1 i
s s
imi
1ar
to
the
Man
hat
tan
mod
e1s
in
tha
t i
t i
s a
dy
na
mi
c
ma
ss
ba
1a
nc
e
mo
de
1
wh
ic
h
di
re
ct
1y
ca
1c
u1
at
es
ph
os
ph
or
us
,
ni
tr
og
en
,
phy
top
1an
kto
n,
and
zoo
p1a
nkt
on
con
cen
tra
tio
ns
(Bi
erm
an
and
Do1
an
1976
;
Bi
er
ma
n
gt
al
.
19
78
b)
.
It
di
ff
er
s
fr
om
a1
1
of
th
e
ab
ov
e
mo
de
1s
in
th
at
phy
top
1an
kto
n
bio
mas
s
is
par
tit
ion
ed
int
o f
ive
dif
fer
ent
fun
cti
ona
1
gro
ups
:
di
at
om
s,
gr
ee
ns
,
b1
ue
-g
re
en
s
(N
Z-
fi
xi
ng
an
d
no
n—
Nz
-f
ix
in
g)
,
an
d
"o
th
er
s"
.
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A150, more detailed mechanisms are used to describe phosphorus and nitrogen
interactions with the phytopiankton.
The
Bie
rma
n
mod
el
giv
es
mor
e
inf
orm
ati
on
on
the
bio
iog
ica
i
pro
ces
ses
th
at
oc
cu
r
in
a
ia
ke
sy
st
em
;
ho
we
ve
r,
th
e
da
ta
ba
se
re
qu
ir
em
en
ts
fo
r
th
e
ap
pi
ic
at
io
n
of
th
is
mo
de
1
are
co
rr
es
po
nd
in
gl
y
gr
ea
te
r
th
an
fo
r
an
y
of
th
e
ab
ov
e
mo
de
is
.
To
da
te
,
th
e
Bi
er
ma
n
mo
de
]
ha
s
on
ly
be
en
ap
pi
ie
d
to
Sa
gi
na
w
Bay.
38
MODEL RESULTS
General
Model results are presented for Inner Saginaw Bay, the Western, Central,
and Eastern Basins of Lake Erie, and Lake Ontario. These are the most
heavily enriched basins in the Great Lakes. The genera] format is that an
indicator parameter, e.g. total phosphorus, chlorophyll a, dissolved oxygen
is plotted versus an external phosphorus load to each system.
All models were first calibrated to the existing conditions in each
system. Subsequently, the calibrated models were re-run with reduced phos-
phorus loads to estimate the responses of the indicator parameters.
In some cases, a range of results is presented corresponding to a given
pho
sph
oru
s l
oad.
All
of
the
res
ult
s f
or
the
Cha
pra
mod
el
are
exp
res
sed
as
rang
es w
ith
the
extr
eme
valu
es c
orre
spon
ding
to d
iffe
rent
assu
mpti
ons
on
pho
sph
oru
s
fee
dba
ck
fro
m t
he
sed
ime
nts
.
The
Vol
len
wei
der
res
ult
s
for
Lak
e
Erie
span
a ra
nge
of p
hosp
horu
s lo
ads,
refl
ecti
ng s
imil
ar u
ncer
tain
ties
in
pho
sph
oru
s
rel
eas
e
fro
m
the
sed
ime
nts
.
The
Bie
rma
n
res
ult
s
for
Sag
ina
w
Bay
span
the
rang
e be
twee
n tw
o di
ffer
ent
assu
mpti
ons
on t
he b
ound
ary
cond
itio
ns
bet
wee
n
the
inn
er
and
out
er
por
tio
ns
of
the
bay
.
Re
fe
r
to
Ta
bl
e
l t
o
co
mp
ar
e
mo
de
l
re
su
lt
s
to
pr
es
en
t
co
nd
it
io
ns
fo
r
ph
os
ph
or
us
an
d
ch
lo
ro
ph
yl
l
3
co
nc
en
tr
at
io
ns
.
It
sh
ou
ld
be
no
te
d
th
at
ex
ac
t
com
par
iso
ns
can
not
be
mad
e i
n a
ll
cas
es.
The
re
are
sta
tis
tic
al
var
iat
ion
s
as
so
ci
at
ed
wi
th
ea
ch
of
th
e
re
pr
es
en
ta
ti
ve
av
er
ag
e
co
nc
en
tr
at
io
ns
in
Ta
bl
e
l.
Furt
her,
it i
s no
t st
rict
ly c
orre
ct t
o re
late
phos
phor
us l
oad
in a
give
n
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 ye
ar
to
th
e
in
-l
ak
e
ph
os
ph
or
us
co
nc
en
tr
at
io
n
in
th
e
sa
me
ye
ar
be
ca
us
e
of
th
e
ch
ar
ac
te
ri
st
ic
la
g
ti
me
s
fo
r
ea
ch
ba
si
n.
Re
fe
r
to
th
e
pr
im
ar
y
re
fe
re
nc
es
fo
r
ea
ch
mo
de
l
to
de
te
rm
in
e
ho
w
we
ll
th
e
mo
de
l
ou
tp
ut
co
rr
es
po
nd
s
to
th
e
fi
el
d
da
ta
ac
tu
al
ly
us
ed
fo
r
mo
de
l
ca
li
br
at
io
n.
N
o
t
e
t
h
a
t
t
h
e
r
e
s
u
l
t
s
f
o
r
t
h
e
p
h
o
s
p
h
o
r
u
s
l
o
a
d
r
e
d
u
c
t
i
o
n
s
ar
e
p
r
e
s
e
n
t
e
d
in
te
rm
s
of
ba
se
ye
ar
lo
ad
s.
S
p
e
c
i
f
i
c
a
l
l
y,
th
e
t
r
e
a
t
m
e
n
t
st
ra
te
gi
es
in
di
—
c
a
t
e
d
b
y
t
h
e
a
r
r
o
w
s
in
e
a
c
h
f
i
g
u
r
e
a
r
e
al
l
r
e
f
e
r
e
n
c
e
d
t
o
t
h
e
b
a
s
e
y
e
a
r
l
o
a
d
for each system.
Al
l
of
th
e
re
su
lt
s
pr
es
en
te
d
ar
e
fo
r
eq
ui
li
br
iu
m
co
nc
en
tr
at
io
ns
.
Al
l
of
t
h
e
d
y
n
a
m
i
c
m
o
d
e
l
s
w
e
r
e
r
u
n
u
n
d
e
r
t
h
e
a
s
s
u
m
p
t
i
o
n
t
h
a
t
r
e
d
u
c
t
i
o
n
s
in
p
h
o
s
-
ph
or
us
lo
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s
we
re
ef
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ct
ed
in
st
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ta
ne
ou
sl
y
in
ti
me
.
Th
es
e
mo
de
ls
we
re
th
en
r
un
un
ti
l
s
t
e
a
d
y
-
s
t
a
t
e
c
o
n
c
e
n
t
r
a
t
i
o
n
s
w
e
r
e
o
b
t
a
i
n
e
d
w
i
t
h
t
h
e
n
e
w
p
h
o
s
p
h
o
r
u
s
lo
ad
s.
Re
sp
on
se
ti
me
s
fo
r
ea
ch
of
th
e
ba
si
ns
wi
ll
be
di
sc
us
se
d
in
a
la
te
r
section.
It
sh
ou
ld
be
no
te
d
th
at
th
e
co
mp
ar
is
on
of
re
su
lt
s
fr
om
di
ff
er
en
t
mo
de
ls
is
no
t
a
l
w
a
y
s
s
t
r
a
i
g
h
t
f
o
r
w
a
r
d
.
E
a
c
h
of
t
h
e
m
o
d
e
l
s
u
s
e
d
wa
s
c
o
n
s
t
r
u
c
t
e
d
un
de
r
a
di
ff
er
en
t
se
t
of
as
su
mp
ti
on
s.
Sp
at
ia
l
se
gm
en
ta
ti
on
is
on
e
of
th
e
m
o
s
t
im
po
rt
an
t
d
i
f
f
e
r
e
n
c
e
s
am
on
g
th
e
m
o
d
e
l
s
.
Th
e
Bi
er
ma
n
mo
de
l
c
o
n
t
a
i
n
s
no
sp
at
ia
l
se
gm
en
ta
ti
on
an
d
it
as
su
me
s
th
at
th
e
in
ne
r
po
rt
io
n
of
Sa
gi
na
w
Ba
y
is
c
o
m
p
l
e
t
e
l
y
mi
xe
d.
Th
e
V
o
l
l
e
n
we
i
d
e
r
an
d
C
h
a
p
r
a
m
o
d
e
l
s
in
cl
ud
e
ho
ri
zo
nt
al
sp
at
ia
l
se
gm
en
ta
ti
On
,
bu
t
no
ve
rt
ic
al
sp
at
ia
l
se
gm
en
ta
ti
on
.
Th
e
Ma
nh
at
ta
n
C
o
l
l
e
g
e
m
o
d
e
l
s
i
n
c
l
u
d
e
b
o
t
h
h
o
r
i
z
o
n
t
a
l
an
d
v
e
r
t
i
c
a
l
s
p
a
t
i
a
l
s
e
g
m
e
n
t
a
t
i
o
n
.
Di
ff
ic
ul
ti
es
ca
n
ar
is
e
in
sy
st
em
s
wh
er
e
th
er
e
ar
e
im
po
rt
an
t
sp
at
ia
l
gr
a-
di
en
ts
in
wa
t
e
r
q
ua
l
i
t
y
an
d
wh
e
r
e
th
e
m
o
d
e
l
s
be
in
g
c
o
m
p
a
r
e
d
do
no
t
ha
ve
th
e
same spatial segmentation.
4O
Inner Saginaw Bay
The inner portion of Saginaw Bay has been operationa11y defined by a
1ine between Point Lookout and Sand Point (Refer to Smith et_al. 1977).
Figure 1 contains the mode1 resu1ts for phosphorus concentration in the
inner bay. The Vo11enweider resu1ts were ca1cu1ated by Bierman using the
phosphorus equation from Vo11enweider (1976) and va1ues of 5.84 meters for
mean
dept
h, 0
.138
x 10
10 m
eter
s2 f
or s
urfa
ce
area
, an
d 0.
3 ye
ars
for
hydr
au-
1ic detention time (Do1an, persona1 communication). The DiToro and Chapra
resu1ts were taken from DiToro §t_al. (1978a) and Chapra (1978), respec-
tive1y. The Bierman resu1ts are the phosphorus concentrations from the
mode1 presented in Bierman e: 31. (1975).
Given the variations in the data and the uncertainties in the comp1ex
hyd
rod
yna
mic
int
era
cti
on
bet
wee
n S
agi
naw
Bay
and
Lak
e H
uro
n p
rop
er,
a11
of
the mode1s agree we11 with present conditions in the bay, and with each
other.
Res
u1t
s f
or
ch1
oro
phy
11
3 c
onc
ent
rat
ion
s a
re
not
pre
sen
ted
.
The
re1
a-
ti
on
sh
ip
be
tw
ee
n
ph
os
ph
or
us
1o
ad
an
d
ch
1o
ro
ph
y1
1
a_
in
Sa
gi
na
w
Ba
y
do
es
no
t
fo1
1ow
the
typ
ica
T
pat
ter
n
obs
erv
ed
in
mos
t
1ak
es.
Vo1
1en
wei
der
(19
76)
has
fo
un
d
th
at
su
mm
er
av
er
ag
e
ch
1o
ro
ph
y1
1
§_
co
nc
en
tr
at
io
n
is
us
ua
11
y
25
pe
rc
en
t
to
30
pe
rc
en
t
of
th
e
ann
ua1
av
er
ag
e
tot
a1
ph
os
ph
or
us
co
nc
en
tr
at
io
n.
In
Sa
gi
na
w
Ba
y,
th
is
fr
ac
ti
on
is
gr
ea
te
r
th
an
50
pe
rc
en
t
(T
ab
1e
1)
.
Do
1a
n
23
31
.
(1
97
8)
ha
ve
sh
ow
n
th
at
th
er
e
ar
e
st
at
is
ti
ca
11
y
si
gn
if
ic
an
t
di
ff
er
en
ce
s
be
tw
ee
n
ch
1o
ro
ph
y1
1
a
an
d
ph
yt
op
1a
nk
to
n
ce
11
vo
1u
me
in
Sa
gi
na
w
Ba
y,
pr
i-
mar
i1y
bec
aus
e
of
a s
eas
ona
1
shi
ft
fro
m
dia
tom
spe
cie
s
to
b1u
e-g
ree
n
Sp
ec
ie
s.
Re
fe
r
to
Bi
er
ma
n
£
3
11
.
(1
97
5)
fo
r
mo
de
1
ou
tp
ut
an
d
fi
e1
d
da
ta
co
rr
es
po
nd
in
g
to
th
e
bi
om
as
s
of
th
e
ma
jo
r
ph
yt
op
1a
nk
to
n
typ
es
.
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Bierman et_al. (1978b) have used the data by Chartrand (1973) to develop
statistical correlations between measurements for taste and odor and blue-
green phytoplankton concentrations at the Saginaw-Midland Water Filtration
Plant intake at Whitestone Point. This intake is located in the outer por-
tion of Saginaw Bay; however, Paul (1977) has shown that blue-green phyto-
plankton produced in the inner bay and transported by water movements to the
outer bay are responsible for taste and odor at this intake . Field mea—
surements of blue-green phytoplankton concentrations in the inner bay have
been correlated to taste and odor measurements at the Whitestone Point in-
take (Dolan 1977). The following correlation was found to be statistically
significant at the 99 percent confidence level:
T0 = 2.03 + 1.87 (86)
whe
re:
T0
Thr
esh
old
Odo
r N
umb
er
:
BG
Blue-green biomass in mg dry
weight/liter.
Using this correlation, the output of the Bierman model for blue-green
phy
top
lan
kto
n
bio
mas
s
can
be
rel
ate
d
to
tas
te
and
odo
r
at
the
Whi
tes
ton
e
Point intake.
Lake Erie
The
mod
el
res
ult
s f
or
Lak
e E
rie
are
con
tai
ned
in
Fig
ure
s 2
-9.
The
Vo
ll
en
we
id
er
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su
lt
s
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at
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n
we
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Vo
ll
en
we
id
er
(1
97
7b
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at
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n
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Bi
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ma
n
(A
ug
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t
16
,
19
77
).
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e
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we
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n
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g
the
co
rr
el
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n
eq
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or
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yl
l
2
co
nc
en
tr
at
io
ns
fr
om
Vo
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97
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Re1a
t1'o
nsh1
'p b
etwe
en
area
of a
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a an
d wh
o1e-
1ake
phos
phor
us
load
in t
he C
entr
a1 B
asin
of L
ake
Erie
for
the
Di
To
ro
mo
de
]
  
  
tr
at
io
n
of
TO
ug
/T
in
aT
T
th
re
e
of
th
e
La
ke
Er
ie
ba
si
ns
.
Th
is
ra
ng
e
of
To
ad
in
g
es
ti
ma
te
s
(5
60
0
-
63
00
mt
a)
is
su
bs
ta
nt
ia
ll
y
To
we
r
th
an
th
e
ba
se
To
ad
of
20
,0
00
mt
a.
Th
e
Vo
TT
en
we
id
er
re
su
Tt
s
fo
r
di
ss
oT
ve
d
ox
yg
en
we
re
tak
en
fro
m
VoT
Ten
wei
der
(T9
77b
).
ATT
of
the
DiT
oro
and
Cha
pra
res
uTt
s
wer
e
ta
ke
n
fr
om
Di
To
ro
gt
al
.
(1
97
8b
)
an
d
Ch
ap
ra
(1
97
8)
,
re
sp
ec
ti
ve
Ty
.
Th
e
re
su
Tt
s
fo
r
ph
os
ph
or
us
co
nc
en
tr
at
io
n
in
di
ca
te
re
as
on
ab
Ty
go
od
ag
re
e-
me
nt
am
on
g
aT
T
th
re
e
mo
de
Ts
.
Th
e
Di
To
ro
ph
os
ph
or
us
co
nc
en
tr
at
io
ns
sh
ow
a
te
nd
en
cy
to
be
sT
ig
ht
Ty
To
we
r
th
an
th
e
Ch
ap
ra
ph
os
ph
or
us
co
nc
en
tr
at
io
ns
,
es
pe
ci
aT
Ty
at
To
we
r
ph
os
ph
or
us
To
ad
s.
Th
is
is
be
ca
us
e
th
e
Di
To
ro
re
su
Tt
s
are
fo
r
av
er
ag
e
su
mm
er
ep
iT
im
ni
on
co
nc
en
tr
at
io
ns
and
th
e
Ch
ap
ra
re
su
Tt
s
are
fo
r
an
nu
aT
av
er
ag
e
wh
oT
e-
ba
si
n
co
nc
en
tr
at
io
ns
.
In
ge
ne
ra
T,
th
er
e
is
go
od
ag
re
em
en
t
be
tw
ee
n
th
e
mo
de
T
re
su
Tt
s
an
d
pr
es
en
t
co
nd
it
io
ns
;
ho
we
ve
r,
bo
th
th
e
Di
To
ro
an
d
th
e
Ch
ap
ra
re
su
Tt
s
ar
e
so
me
wh
at
To
w
in
th
e
Ea
st
er
n
Ba
si
ng
(Figure 6).
Th
e
Di
To
ro
re
su
Tt
s
fo
r
ch
To
ro
ph
yT
T
a
co
nc
en
tr
at
io
n
ap
pe
ar
mu
ch
to
o
hi
gh
in
th
e
We
st
er
n
Ba
si
n
(F
ig
ur
e
3)
.
Th
er
e
is
re
as
on
ab
Ty
go
od
ag
re
em
en
t
be
tw
ee
n
th
e
Ch
ap
ra
re
su
Tt
s
fo
r
ch
To
ro
ph
yT
T
a_
co
nc
en
tr
at
io
ns
and
pr
es
en
t
co
nd
it
io
ns
.
Th
e
Ch
ap
ra
an
d
Vo
TT
en
we
id
er
ch
To
ro
ph
yT
T
3.
co
nc
en
tr
at
io
ns
ag
re
e
we
TT
at
To
w
pho
sph
oru
s
Toa
ds.
In
the
Cen
tra
T
and
Eas
ter
n
Bas
ins
,
the
DiT
oro
chT
oro
phy
TT
3
co
nc
en
tr
at
io
ns
ar
e‘
sT
ig
ht
Ty
hi
gh
er
th
an
th
e
Ch
ap
ra
ch
To
ro
ph
yT
T
g_
co
nc
en
-
tra
tio
ns
nea
r
the
bas
e
Toa
d.
ATT
thr
ee
of
the
mod
eTs
agr
ee
weT
T
wit
h
eac
h
ot
he
r
at
To
we
r
ph
os
ph
or
us
To
ad
s.
In
ge
ne
ra
T,
th
e
ag
re
em
en
t
be
tw
ee
n
mo
de
l
' re
suT
ts
and
pre
sen
t c
ond
iti
ons
for
chT
oro
phy
TT
a c
onc
ent
rat
ion
s i
s n
ot
as
goo
d
as
the
agr
eem
ent
bet
wee
n
mod
eT
res
uTt
s
and
pre
sen
t
con
dit
ion
s
for
pho
s-
phorus concentrations. This is not unexpected because chTorophyTT a_is a
se
co
nd
ar
y
pa
ra
me
te
r,
and
is
th
us
ha
rd
er
to
mo
de
T.
52
 For
the
purpose
of
developing
phosphorus
loading
objectives
for
Lake
Erie, the most important parameter was considered to be dissolved oxygen
concentration in the Central
Basin hypolimnion.
The model
results for dis-
solved oxygen are contained in Figure 8. The DiToro results for dissolved
oxygen are approximately 2 mg 02/1 higher than the Vollenweider results in
the loading range from 8,000 to l0,000 mta. The dissolved oxygen results
for the DiToro and the Chapra models are in agreement at phosphorus loads
less than 12,000 mta; however, the results for these two models progres-
sively diverge as phosphorus loads increase from 12,000 mta to the base
load. At the base load, the DiToro dissolved oxygen is approximately 2-3
mg Oz/l higher than the Chapra dissolved oxygen.
Differences in the definition of the hypolimnetic volume in the Central
Basin preclude an exact comparison of the dissolved oxygen resultsfor the
DiT
oro
mod
el
wit
h t
he
dis
sol
ved
oxy
gen
res
ult
s f
or
the
Vol
len
wei
der
and
Chap
ra m
odel
s.
The
hypo
limn
ion
in t
he l
atte
r tw
o mo
dels
is o
pera
tion
ally
def
ine
d b
y t
he
dat
a u
sed
in
the
ir
emp
iri
cal
cor
rel
ati
ons
wit
h p
hos
pho
rus
loads. The dissolved oxygen results for the Vollenweider and Chapra models
rep
res
ent
the
ave
rag
e
con
cen
tra
tio
ns
in
an
ass
ume
d
3.3
met
er
thi
ck
hyp
oli
m-
nio
n a
t t
he
end
of
the
sum
mer
str
ati
fic
ati
on
peri
od.
The
dis
sol
ved
oxy
gen
re
su
lt
s
fo
r
th
e
Di
To
ro
mo
de
l
re
pr
es
en
t
th
e
av
er
ag
e
co
nc
en
tr
at
io
ns
in
th
e
en
ti
re
vo
lu
me
of
wa
te
r
be
lo
w
a
de
pt
h
of
17
me
te
rs
in
th
e
Ce
nt
ra
l
Ba
si
n
at
th
e
en
d
of
th
e
st
ra
ti
fi
ca
ti
on
pe
ri
od
.
Th
e
vo
lu
me
of
th
e
Vo
ll
en
we
id
er
an
d
Ch
ap
ra
hy
po
li
mn
io
n
th
us
de
fi
ne
d
is
ap
pr
ox
im
at
el
y
38
km3
.
Th
e
vo
lu
me
of
th
e
Di
To
ro
hy
po
li
mn
io
n
th
us
de
fi
ne
d
is
ap
pr
ox
im
at
el
y
5l
km
3.
It
is
ex
pe
ct
ed
tha
t t
he
DiT
oro
res
ult
s s
hou
ld
be
hig
her
tha
n t
he
res
ult
s f
or
the
Vo
ll
en
we
id
er
an
d
th
e
Ch
ap
ra
mo
de
ls
be
ca
us
e
th
e
wa
te
rs
at
th
e
bo
tt
om
of
th
e
53
  
  
hyp
oli
mni
on
nea
r t
he
sed
ime
nt-
wat
er
int
erf
ace
bec
ome
mor
e o
xyg
en-
dep
let
ed
th
an
th
e
wa
te
rs
at
th
e
to
p
of
th
e
hy
po
li
mn
io
n
ne
ar
th
e
17
me
te
r
de
pt
h
(B
ur
ns
and Ross 1972).
In
or
de
r
to
re
la
te
hi
s
re
su
lt
s
mo
re
di
re
ct
ly
to
ac
tu
al
co
nd
it
io
ns
in
th
e
Ce
nt
ra
l
Ba
si
n,
Di
To
ro
ha
s
co
rr
el
at
ed
hi
s
mo
de
l
ou
tp
ut
fo
r
di
ss
ol
ve
d
ox
yg
en
co
nc
en
tr
at
io
ns
to
th
e
ar
ea
of
an
ox
ia
at
th
e
en
d
of
th
e
su
mm
er
st
ra
ti
fi
ca
ti
on
pe
ri
od
(F
ig
ur
e
9)
.
Th
is
co
rr
el
at
io
n
wa
s
de
ve
lo
pe
d
us
in
g
me
as
ur
ed
av
er
ag
e
di
ss
ol
ve
d
ox
yg
en
co
nc
en
tr
at
io
ns
fo
r
th
e
hy
po
li
mn
io
n
an
d
th
e
co
rr
es
po
nd
in
g
ar
ea
l
ex
te
nt
of
th
e
in
di
vi
du
al
sa
mp
li
ng
st
at
io
ns
th
at
re
po
rt
an
ox
ic
va
lu
es
.
Wh
en
th
e
av
er
ag
e
di
ss
ol
ve
d
ox
yg
en
co
nc
en
tr
at
io
n
fo
r
th
e
hy
po
li
mn
et
ic
wa
te
rs
be
lo
w
17
me
te
rs
be
co
me
s
le
ss
th
an
4
mg
02
/1
,
th
en
in
di
vi
du
al
st
at
io
ns
be
gi
n
to
re
po
rt
ze
ro
va
lu
es
fo
r
di
ss
ol
ve
d
ox
yg
en
.
No
te
th
at
ev
en
in
th
e
pr
es
en
ce
of
an
an
ox
ic
ar
ea
of
65
00
km
2,
th
e
av
er
ag
e
di
ss
ol
ve
d
ox
yg
en
co
nc
en
tr
at
io
n
in
th
e
hy
po
li
mn
et
ic
wa
te
rs
be
lo
w
17
me
te
rs
is
ap
pr
ox
im
at
el
y
1
mg
02
/1
.
(C
om
-
pa
re
Fi
gu
re
s
8
an
d
9)
.
Th
es
e
re
su
lt
s
ar
e
in
ag
re
em
en
t
wi
th
fi
el
d
ob
se
rv
a-
tions.
Lake Ontario
Th
e
mo
de
l
re
su
lt
s
fo
r
La
ke
On
ta
ri
o
are
co
nt
ai
ne
d
in
Fi
gu
re
s
10-
13.
Th
e
Vo
ll
en
we
id
er
re
su
lt
s
fo
r
ph
os
ph
or
us
co
nc
en
tr
at
io
n
we
re
ta
ke
n
fr
om
Vol
len
wei
der
(19
77b
).
The
Vol
len
wei
der
res
ult
s
for
chl
oro
phy
ll
g_c
onc
ent
ra—
ti
on
we
re
ca
lc
ul
at
ed
by
Bi
er
ma
n
us
in
g
th
e
co
rr
el
at
io
n
eq
ua
ti
on
be
tw
ee
n
ph
os
-
pho
rus
and
chl
oro
phy
ll
a c
onc
ent
rat
ion
s f
rom
Vol
len
wei
der
(19
76)
.
The
Th
om
an
n
re
su
lt
s
we
re
ta
ke
n
fr
om
Bi
er
ma
n
(1
97
7)
,
an
d
we
re
ba
se
d
on
a
pe
rs
on
al
com
mun
ica
tio
n f
rom
Tho
man
n (
Mar
ch,
197
7).
Tho
man
n §
t_a
l.
(197
6)
ori
gin
all
y
de
ve
lo
pe
d
lo
ad
re
du
ct
io
n
si
mu
la
ti
on
s
fo
r
th
re
e
di
ff
er
en
t
ki
ne
ti
c
hy
po
th
es
es
on Lake Ontario. Bierman (1977) has shown that only one these hypotheses,
54
 the
so-called
"optimistic"
kinetic
assumption,
is
consistent
with
the
avail-
able
data.
Only
the
Thomann
results
corresponding
to
the
"optimistic"
as-
sumption have
been used in the present report.
The results for the Chapra
model
were
taken
from
Chapra
(1978).
In Figures
l0 and ll, results
are presented for the case where
load re-
duction treatments were assumed to occur only in the Lake Ontario basin.
The Lake Erie input was held constant.
The phosphorus results for the
Thomann model are consistently Tower than the phosphorus results for the
Vollenweider and Chapra models. Bierman (1977) has shown that during the
period from l968 to l974, there was a dynamic equilibrium between an average
epilimnion phosphorus concentration of 20.5 i 3.2 pg/l and an average phos-
 
phorus load of 14000 : 2l90 mta for Lake Ontario. Using data for the same
period, Chapra (personal communication) has determined that the average
phosphorus concentration for the whole lake was 2l.3 : 2.5 ug/l. Upon
extrapolating the results in Figure 10 to a phosphorus load of l4,000 mta,
it
app
ear
s t
hat
the
Cha
pra
res
ult
s a
re
clo
ses
t t
o t
he
act
ual
dat
a a
nd
tha
t
the Vollenweider and Thomann results are near the upper and lower ranges,
res
pec
tiv
ely
, o
f t
he
sta
nda
rd
dev
iat
ion
s i
n t
he
dat
a.
The results for chlorophyll a concentration (Figure ll) show more
sca
tte
r
amo
ng
the
mod
els
tha
n
do
the
res
ult
s f
or
pho
sph
oru
s
con
cen
tra
tio
n.
The
Cha
pra
res
ult
s a
ppe
ar
to
be
clo
ser
to
the
actu
al
con
dit
ion
s t
han
eit
her
th
e
Vo
ll
en
we
id
er
or
th
e
Th
om
an
n
re
su
lt
s;
ho
we
ve
r,
th
er
e
is
mu
ch
var
i-
ati
on
in
the
chl
oro
phy
ll
a_d
ata
and
the
mod
el
res
ult
s a
re
mor
e d
iff
icu
lt
to
in
te
rp
re
t
th
an
fo
r
th
e
ca
se
of
ph
os
ph
or
us
co
nc
en
tr
at
io
n.
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du
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io
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tr
ea
tm
en
ts
we
re
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d
to
oc
cu
r
si
mu
lt
an
eo
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ly
in
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th
La
ke
l
1
Fig
ure
s 1
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nd
l3
con
tai
n t
he
mod
el
res
ult
s f
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cas
e w
her
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den
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j
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 Onta
rio
and
Lake
Erie
. T
he i
nter
pret
atio
n of
thes
e re
sult
s is
simi
lar
to
th
e
ca
se
wh
er
e
lo
ad
re
du
ct
io
ns
we
re
as
su
me
d
to
oc
cu
r
on
ly
in
La
ke
On
ta
ri
o.
The
pri
nci
pal
dif
fer
enc
e
bet
wee
n
tho
se
two
cas
es
is
tha
t
a g
ive
n
pho
sph
oru
s
lo
ad
to
La
ke
On
ta
ri
o
co
rr
es
po
nd
s
to
di
ff
er
en
t
lo
ad
re
du
ct
io
n
tr
ea
tm
en
t
strategies.
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PHOSPHORUS
LOADING
OBJECTIVES
General
The Water Quality Agreement of 1972 established as a general
water
quality objective that the boundary waters of the Great Lakes "...should be
free from nutrients entering the waters as a result of human activity in
concentrations that create nuisance growth of aquatic weeds and algae" (U.S.
Department of State l972). Further, in Annex 2 the Agreement includes the
development of a control program for phosphorus with specific objectives for
jenvironmental restoration and enhancement. The Agreement does not include
objectives for actual phosphorus concentrations in the Great Lakes.
The basic approach to developing loading objectives in the present re-
port was to first establish desirable in-lake conditions. These conditions
were then related to external phosphorus loads. For Saginaw Bay and the
low
er
lak
es,
the
abo
ve
mat
hem
ati
cal
mod
els
wer
e u
sed
to
est
ima
te
the
pho
s-
phorus loads corresponding to the desired in-lake conditions. The lack of
com
pre
hen
siv
e,
lon
g-t
erm
dat
a b
ase
s p
rec
lud
ed
a m
ean
ing
ful
app
lic
ati
on
of
the mathematical models to the Upper Lakes. The hydraulic detention times
of
th
es
e
la
ke
s
are
ex
tr
em
el
y
lo
ng
and
it
is
not
po
ss
ib
le
to
de
fi
ne
th
e
st
at
e
of
the
pho
sph
oru
s
dyn
ami
cs
in
the
se
lak
es
wit
h
the
ava
ila
ble
dat
a.
As
a
co
ns
eq
ue
nc
e,
th
er
e
ar
e
ma
ny
un
ce
rt
ai
nt
ie
s
in
th
e
re
sp
on
se
s
of
th
e
Up
pe
r
Lakes to changes in phosphorus loads.
Not
e
tha
t
all
of
the
exa
mpl
e
tre
atm
ent
str
ate
gie
s
in
the
pre
sen
t
rep
ort
ha
ve
be
en
ex
pr
es
se
d
in
te
rm
s
of
mu
ni
ci
pa
l
po
in
t
lo
ad
s
an
d
di
ff
us
e
so
ur
ce
6l
 
 loads. Recall that diffuse source loads, as defined, do not include atmos-
pheric loads, shore erosion loads, or loads from inter-lake exchange flows.
Upper Lakes
It is the recommendation of the Task Group that a non-degradation objec-
tiv
e b
e e
sta
bli
she
d f
or
Lak
e S
upe
rio
r,
Lak
e H
uro
n (
exc
lus
ive
of
Sag
ina
w
Bay), and Lake Michigan. Annex 2 of the Water Quality Agreement states that
an objective of the phosphorus control program is the:
"Stabilization of Lake Superior and Lake Huron in their
present oligotrophic state."
The recommended objective is a re—affirmation that present water quality
shou
ld b
e ma
inta
ined
in L
ake
Supe
rior
and
Lake
Huro
n.
Lake
Mich
igan
lies
completely within the U.S. border and it is not specifically mentioned in
the
l972
Agre
emen
t;
howe
ver,
sinc
e th
e ou
tflo
w fr
om L
ake
Mich
igan
cons
ti-
tutes an input to Lake Huron, it is not possible to establish an objective
for Lake Huron independently of Lake Michigan.
The reason for the non-degradation objective is that if phosphorus loads
are allowed to increase in the Upper Lakes, then the consequences might not
be apparent for very long periods of time. If the ecosystems of these lakes
become degraded, it is possible that equally long periods of time might be
required to reverse the damage.
Table XVIII contains a summary of the recommendations for the non-de—
gradation basins. The recommended loads are those loads which remain after
the recommended l mg/l effluent standard is fully implemented. The recom-
mended concentrations are estimates of the concentrations that will corre—
spond to these residual loads. It is understood that there will be a degree
of statistical variation in both the recommended loads and the recommended
62
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concentrations on a year-to—year basis. In the absence of any evidence to
th
e
co
nt
ra
ry
,
it
is
as
su
me
d
th
at
th
e
pr
es
en
tl
y
ob
se
rv
ed
ph
os
ph
or
us
co
nc
en
-
tra
tio
ns
in
the
Upp
er
Lak
es
are
in
equ
ili
bri
um
wit
h t
he
pre
sen
tly
obs
erv
ed
phosphorus loads.
Saginaw Bay
Thr
ee
pho
sph
oru
s l
oad
ing
obj
ect
ive
s h
ave
bee
n d
eve
lop
ed
for
Inn
er
Sa
gi
na
w
Ba
y
(T
ab
le
XI
X)
.
Th
e
pr
im
ar
y
cr
it
er
io
n
wa
s
ta
st
e
an
d
od
or
at
th
e
Whit
esto
ne P
oint
Wate
r Fi
ltra
tion
Plan
t.
This
plan
t pr
oces
ses
appr
oxim
atel
y
85
pe
rc
en
t
of
all
th
e
wa
te
r
dr
aw
n
fr
om
Sa
gi
na
w
Ba
y
fo
r
hu
ma
n
use
.
Se
co
nd
ar
y
cri
ter
ia
wer
e f
ilt
er-
clo
ggi
ng
and
tas
te
and
odo
r p
rob
lem
s a
t t
he
Pin
con
nin
g
and
Bay
Cit
y W
ate
r
Fil
tra
tio
n
Pla
nts
in
the
inn
er
por
tio
n
of
the
bay
and
the
degree of degradation of the inner bay ecosystem.
It
was
est
ima
ted
tha
t
a
loa
din
g
obj
ect
ive
of
620
mta
wou
ld
res
ult
in
minimal compliance with the present taste and odor standard for raw water at
the
Whi
tes
ton
e P
oin
t i
nta
ke
in
an
ave
rag
e w
ate
r y
ear
.
Thi
s e
sti
mat
e w
as
based on correlations between the output of the Bierman model for blue-green
phy
top
lan
kto
n c
onc
ent
rat
ion
and
tas
te
and
odo
r a
t t
he
Nhi
tes
ton
e P
oin
t
intake. The results of all the models used on Saginaw Bay indicate that a
phos
phor
us
load
of 6
20 m
ta w
ould
corr
espo
nd t
o an
aver
age
annu
al p
hosp
horu
s
concentration of approximately 20 ug/l (Figure l).
It w
as
est
ima
ted
tha
t a
loa
din
g o
bje
cti
ve
of
440
mta
wou
ld
red
uce
fil
ter
clogging and taste and odor problems at the Pinconning and Bay City Water
Filt
rati
on P
lant
s in
the
inne
r ba
y, a
nd w
ould
reve
rse
some
of t
he d
egra
da-
tion to the inner bay ecosystem. The results of the models used indicate
that a phosphorus load of 440 mta would correspond to an average annual
phosphorus concentration of approximately 15 pg/l (Figure 1). Several in-
64
  
  
 
 
 
TABLE XIX.
SUMMARY OF OBJECTIVES FOR SAGINAW BAY
 
 
 
  
Phosphorus
. . Load (metric
Objective tonnes/year) Treatment Strategy
Obtain compliance with present 620 (a) l mg/l + 20% reduction in
taste and odor standard for raw
water at the Saginaw-Midland
Water Filtration Plant intake
at Whitestone Point.
Reduce filter-clogging and taste
and odor problems at the Pincon-
ning and Bay City Water Filtra—
tion Plant intakes in the inner
portion of the bay by maintain-
ing an annual average total
phosphorus concentration of 15
ug/l in the inner bay.
Essentially eliminate inter-
ference with water use and
minimize degradation of the
ecosystem by maintaining an
annual average total phos-
phorus concentration of l0
ug/l in the inner bay.
4401
210
    
 
   
  
   
   
diffuse sources
(b) approximately 0.5 mg/l
(a) l mg/l + 55% reduction in
diffuse sources
(b) 0.5 mg/l + 40% reduction
in diffuse sources
(a) l mg/l + 95% reduction in
diffuse sources
(b) 0.5 mg/l + 80% reduction
in diffuse sources
1TaSk Group Recommendation.
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all
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th
an
1
mg
d
pl
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55
pe
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en
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du
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n
in
di
ff
us
e
so
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ce
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 (b)
0.5
mg/l
effluent
standard
for
all
municipal
point
discharges
greater than l mgd plus 40 percent reduction in diffuse sources.
It should be noted that there will not exist a "tolerance"
for future load
increases elsewhere in the Lake Huron basin after loading reductions occur
in Saginaw Bay. Model results (DiToro gt El. l978a; Chapra l978) indicate
that the annual average phosphorus concentration in Lake Huron (exclusive of
Saginaw Bay) will not be significantly different from the recommended objec-
tive of 5 pg/l after the Saginaw Bay reductions.
Lake Erie
Four different loading objectives were developed for Lake Erie (Table
XX). The primary criteria were the area of anoxia in the Central Basin and
the dissolved oxygen concentration in the Central Basin hypolimnion. Re-
sult
s we
re u
sed
from
Figu
res
8 an
d 9
for
the
Voll
enwe
ider
, Di
Toro
, a
nd
Chapra models. In all cases, only the short term (5 years) results for area
of
ano
xia
wer
e
use
d
fro
m t
he
DiT
oro
mod
el.
Thi
s w
as
bec
aus
e
of
the
con
-
lsi
der
abl
e u
nce
rta
int
ies
inv
olv
ed
in
att
emp
tin
g t
o e
sti
mat
e l
ong
-te
rm
sed
i-
me
nt
re
sp
on
se
s
to
re
du
ct
io
ns
in
ph
os
ph
or
us
lo
ad
s.
To
red
uce
the
are
a o
f a
nox
ia
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app
rox
ima
tel
y 5
0 p
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ent
,
it
was
est
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ma
te
d
th
at
a
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os
ph
or
us
lo
ad
of
l5
,0
00
mt
a
wo
ul
d
be
re
qu
ir
ed
.
Th
e
Ch
ap
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res
ult
s f
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dis
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con
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con
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t w
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e
ra
ng
e
of
re
su
lt
s
fo
r
di
s-
so
lv
ed
ox
yg
en
co
nc
en
tr
at
io
n
in
th
e
lo
we
r
hy
po
li
mn
et
ic
wa
te
rs
fr
om
th
e
Ch
ap
ra
mo
de
l
sp
an
s
bo
th
ne
ga
ti
ve
an
d
po
si
ti
ve
va
lu
es
.
A
lo
ad
of
15
,0
00
mt
a
co
rr
e-
sp
on
ds
to
th
e
pr
es
en
t
pr
og
ra
m
fo
r
a
l
mg
/l
ef
fl
ue
nt
st
an
da
rd
fo
r
al
l
mu
ni
-
ci
pa
l
po
in
t
di
sc
ha
rg
er
s
gr
ea
te
r
th
an
l
mg
d,
as
su
mi
ng
an
av
er
ag
e
wa
te
r
ye
ar
.
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 TABLE XX.
SU
MM
AR
Y
OF
OB
JE
CT
IV
ES
FO
R
LA
KE
ER
IE
Phosphorus
Load (metric
Ob
je
ct
iv
e
to
nn
es
/y
ea
r)
Tr
ea
tm
en
t
St
ra
te
gy
Re
du
ct
io
n
of
ap
pr
ox
im
at
e1
y
50
%
15
00
0
1
mg
/1
(c
or
re
sp
on
ds
to
pr
e-
in area of anoxia
Reduction of approximate1y 75%
in area of anoxia
Reduction of approximate1y 90%
in area of anoxia
Prevention of any substantia1
nutrient re1ease from the
sediments.
Essentia11y e1iminate area
of anoxia
Maintain optimum disso1ved
oxygen concentration for
fish in the Centra1 Basin
hypo1imnion
sent programs)
13
20
0
a)
1
mg
/1
+
20
%
re
du
ct
io
n
in
diffuse sources
b) 0.5 mg/1
diffuse sources
b)
0.
5
mg
/1
+
30
%
re
du
ct
io
n
in diffuse sources
(
(
10
90
01
(a
)
1
mg
/1
+
50
%
re
du
ct
io
n
in
(
'9
50
0
(a
)
1
mg
/1
+
65
%
re
du
ct
io
n
in
diffuse sources
(b) 0.5 mg/1 + 45% reduction
in diffuse sources
1T
as
k
Gr
ou
p
Re
co
mm
en
da
ti
on
.
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 To
reduce
the
area
of
anoxia
by
75
percent,
it
was
estimated
that
a
phosphorus
load of l3,200 mta would be required.
The dissolved oxygen
con-
centrations of the DiToro
and Chapra models have converged somewhat at this
lower phosphorus load; however, a direct comparison of the two models is
difficult.
To reduce the area of anoxia by 90 percent and to prevent any substan-
tial amount of phosphorus release from the sediments, it was estimated that
a phosphorus load of l0,900 mta would be required. At this phosphorus load,
the dissolved oxygen concentrations for the DiToro and the Chapra models lie
within the same range. This convergence is consistent with the different
assumptions contained in each model. As the anoxic area decreases, it is
expected that there should be less difference between the dissolved oxygen
concentrations in the upper and lower layers of the hypolimnion.
To completely eliminate the area of anoxic and to ensure optimum dis-
solved oxygen conditions for fish in the hypolimnion (at least 4 mg 02/l),
it was estimated that a phosphorus load of 9500 mta would be required. The
dis
sol
ved
oxy
gen
con
cen
tra
tio
ns
for
the
Vol
len
wei
der
,
DiT
oro
, a
nd
Cha
pra
models are all in the same range at this load.
It
is
re
co
mm
en
de
d
th
at
a
ph
os
ph
or
us
lo
ad
in
g
ob
je
ct
iv
e
of
l0
,9
00
mt
a
be
est
abl
ish
ed
for
Lak
e E
rie
to
eli
min
ate
90
per
cen
t o
f t
he
ano
xic
are
a i
n t
he
Ce
nt
ra
l
Ba
si
n.
Th
e
ide
al
ph
os
ph
or
us
lo
ad
in
g
ob
je
ct
iv
e
fo
r
La
ke
Er
ie
wo
ul
d
be
950
0 m
ta
to
ens
ure
opt
imu
m c
ond
iti
ons
for
fis
h i
n t
he
Cen
tra
l B
asi
n h
ypo
-
li
mn
io
n;
ho
we
ve
r,
it
wa
s
de
ci
de
d
th
at
th
is
wo
ul
d
no
t
be
a
pr
ac
ti
ca
l
ob
je
c-
tiv
e
bec
aus
e
of
the
lar
ge
dif
fus
e
sou
rce
red
uct
ion
tha
t
wou
ld
be
req
uir
ed
to
achieve it.
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 For
an
ave
rag
e w
ate
r y
ear
it
is
est
ima
ted
tha
t t
he
1oa
din
g o
bje
cti
ve
of
10
,9
00
mt
a
co
u1
d
be
ac
hi
ev
ed
wi
th
ei
th
er
of
tw
o
tr
ea
tm
en
t
st
ra
te
gi
es
(T
ab
1e
XX):
(a
)
1
mg
/1
ef
f1
ue
nt
st
an
da
rd
fo
r
a1
1
mu
ni
ci
pa
1
po
in
t
di
sc
ha
rg
es
gr
ea
te
r
th
an
1
mg
d
p1
us
50
pe
rc
en
t
re
du
ct
io
n
in
di
ff
us
e
so
ur
ce
s
(a11 three basins).
(b)
0.
5
mg
/1
ef
f1
ue
nt
st
an
da
rd
fo
r
a1
1
mu
ni
ci
pa
1
po
in
t
di
sc
ha
rg
es
gr
ea
te
r
th
an
1
mg
d
p1
us
30
pe
rc
en
t
re
du
ct
io
n
in
di
ff
us
e
so
ur
ce
s
(a11 three basins).
No
te
th
at
th
es
e
st
ra
te
gi
es
are
not
un
iq
ue
in
th
at
di
ff
er
en
t
co
mb
in
at
io
ns
of
po
in
t
an
d
di
ff
us
e
so
ur
ce
co
nt
ro
1
am
on
g
th
e
th
re
e
ba
si
ns
ca
n
be
us
ed
to
ac
hi
ev
e
th
e
10
,9
00
mt
a
1o
ad
in
g
ob
je
ct
iv
e
fo
r
th
e
wh
o1
e
1ak
e.
A1
1
of
th
e
av
ai
1a
b1
e
sc
ie
nt
if
ic
ev
id
en
ce
1e
ad
s
to
th
e
co
nc
1u
si
on
th
at
su
bs
ta
nt
ia
1
di
ff
us
e
so
ur
ce
co
nt
ro
1
is
re
qu
ir
ed
in
th
e
La
ke
Er
ie
ba
si
n
to
si
gn
if
ic
an
t1
y
im
pr
ov
e
th
e
pr
es
en
t
di
ss
o1
ve
d
ox
yg
en
co
nd
it
io
ns
.
Lake Ontario
Two
dif
fer
ent
1oa
din
g o
bje
cti
ves
wer
e d
eve
1op
ed
for
Lak
e O
nta
rio
(Ta
b1e
XX
I)
.
Th
e
pr
im
ar
y
cr
it
er
io
n
wa
s
de
gr
ad
at
io
n
of
th
e
ec
os
ys
te
m
in
th
e
1a
ke
.
Th
e
pr
in
ci
pa
1
in
di
ca
to
r
pa
ra
me
te
r
us
ed
wa
s
an
nua
1
av
er
ag
e
tot
a1
ph
os
ph
or
us
concentration.
Th
e
pr
es
en
t
ph
os
ph
or
us
co
nc
en
tr
at
io
n
in
La
ke
On
ta
ri
o
is
ap
pr
ox
im
at
e1
y
21
9/
1.
Th
is
va
1u
e
is
in
di
ca
ti
ve
of
a
nu
tr
ie
nt
-r
ic
h
sy
st
em
.
Th
e
re
ce
nt
1y
com
p1e
ted
Int
ern
ati
ona
1 F
ie1
d Y
ear
for
the
Gre
at
Lak
es
(IF
YGL
) p
rog
ram
has
re
ve
a1
ed
th
e
se
ve
re
de
te
ri
or
at
io
n
th
at
ha
s
oc
cu
rr
ed
in
La
ke
On
ta
ri
o.
De
-
tai
1ed
stu
die
s b
y S
toe
rme
r g
t_a
l.
(197
5)
on
the
phy
t0p
1an
kto
n a
nd
McN
aug
ht
an
d
Bu
zz
ar
d
(1
97
3)
an
d
Mc
Na
ug
ht
£3
31
.
(1
97
5)
on
th
e
zo
op
1a
nk
to
n
ha
ve
sh
ow
n
70
 
 TABLE XXI.
SUMMARY OF OBJECTIVES FOR LAKE ONTARIO
Simuitaneous Treatment
Phosphorus Load
Strategies Required in
Objective
(metric tonnes/year)
Lake Ontario and Erie
Comments
Reduce degradation of
9700
1 mg/T (corresponds to present
the ecosystem by main—
programs - more than
taining an annuaT average
adequate)
totai phosphorus concen-
tration of 15 ug/T.
Minimize degradation of
6800
(a) 1 mg/1 + 50% reduction in
These treatments
the ecosystem by main-
diffuse sources
correspond to
taining an annua] average
(b) 0.5 mg/T + 30% reduction
the 10900 mta
totai phosphorus concen-
in diffuse sources
Toading objec—
tration of approximateiy
tive in Lake
10 ug/T.
Erie.
7
1
1Task Group Recommendation.
 that the Take is presentTy inhabited TargeTy by species that are toTerant of
pho
sph
oru
s
enr
ich
men
t.
The
se
inv
est
iga
tor
s
beT
iev
e
tha
t
Lak
e
Ont
ari
o's
orig
inaT
cond
itio
n an
d bi
ota
were
char
acte
rist
ic o
f a
much
Tess
eutr
ophi
c
situation.
To
red
uce
deg
rad
ati
on
of
the
eco
sys
tem
in
Lak
e O
nta
rio
and
to
mai
nta
in
an
an
nua
T
av
er
ag
e
to
ta
T
ph
os
ph
or
us
co
nc
en
tr
at
io
n
of
T5
ug
/T
,
it
wa
s
es
ti
-
mat
ed
tha
t a
pho
sph
oru
s T
oad
ing
obj
ect
ive
of
970
0 m
ta
woq
u b
e r
equ
ire
d.
Thi
s
was
bas
ed
on
the
ave
rag
e
of
the
res
uTt
s
for
the
VoT
Ten
wei
der
,
Tho
man
n,
and
Cha
pra
mod
eTs
(Fi
gur
es
TO
or
T2)
.
For
a p
hos
pho
rus
Toa
d o
f 9
700
mta
,
La
ke
On
ta
ri
o
wo
qu
be
in
th
e
tr
an
si
ti
on
st
at
e
be
tw
ee
n
nu
tr
ie
nt
-d
ef
ic
ie
nt
and
nut
rie
nt-
ric
h c
ond
iti
ons
.
The
pre
sen
t T
mg/
T
eff
Tue
nt
sta
nda
rd
for
aTT
mun
ici
paT
poi
nt
dis
cha
rge
s
gre
ate
r
tha
n
T m
gd
in
the
Lak
e
Eri
e
and
Lak
e
Ont
ari
o b
asi
ns
woq
u b
e m
ore
tha
n s
uff
ici
ent
to
mee
t t
his
obj
ect
ive
.
To
min
imi
ze
deg
rad
ati
on
of
the
eco
sys
tem
in
Lak
e O
nta
rio
and
to
mai
n-
tai
n a
n a
nnu
aT
ave
rag
e t
ota
T p
hos
pho
rus
con
cen
tra
tio
n o
f a
ppr
oxi
mat
eTy
TO
pg/
T,
it
was
est
ima
ted
tha
t
a p
hos
pho
rus
Toa
din
g o
bje
cti
ve
of
680
0 m
ta
woq
u b
e re
quir
ed.
Agai
n, t
his
was
base
d on
the
aver
age
of t
he r
esuT
ts f
or
the
thr
ee
mod
eTs
use
d
(Fi
gur
es
TO
or
T2)
.
For
a p
hos
pho
rus
Toa
d o
f 6
800
mta, conditions in Lake Ontario woqu be at the Tower threshon for the
und
esi
rab
Te
con
seq
uen
ces
of
pho
sph
oru
s e
nri
chm
ent
.
It is recommended that a phosphorus Toading objective of 6800 mta be
est
abT
ish
ed
for
Lak
e O
nta
rio
to
min
imi
ze
deg
rad
ati
on
of
the
eco
sys
tem
.
For an average water year, if the phosphorus Toad from Lake Erie to Lake
Ont
ari
o w
ere
he
r
con
sta
nt,
the
rec
omm
end
ed
Toa
din
g o
bje
cti
ve
of
680
0 m
ta
for Lake Ontario coqu not be met without reducing more than 50 percent of
the
dif
fus
e s
our
ces
in
the
Lak
e O
nta
rio
bas
in
(Fi
gur
e T
0).
Thi
s i
s n
ot
a
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 practical
treatment
strategy.
The
treatment
strategy
required
to
achieve
the recomnended loading objective for Lake Ontario must include some
simultaneous treatment for Lake Erie.
For an average water year, it is estimated that the loading objective
of 6800 mta for Lake Ontario could be achieved with either of two simul-
taneous treatment strategies in Lake Ontario and in Lake Erie (Table XXI):
(a) l mg/l effluent standard for all municipal point discharges
greater than l mgd plus 50 percent reduction in diffuse sources.
(b) 0.5 mg/l effluent standard for all municipal point discharges
greater than l mgd plus 30 percent reduction in diffuse sources.
Each of these treatment strategies corresponds to the recommended loading
objective of l0,900 mta for Lake Erie.
Response Times
An important consideration in the implementation of phosphorus control
str
ate
gie
s i
s t
he
tim
e r
equ
ire
d f
or
the
pho
sph
oru
s c
onc
ent
rat
ion
s i
n a
syst
em t
o re
spon
d to
chan
ges
in t
he e
xter
nal
phos
phor
us
load
s.
The
resp
onse
tim
e o
f a
giv
en
sys
tem
dep
end
s o
n t
he
fol
low
ing
:
l. The schedule for phosphorus load reductions.
2.
Th
e
ch
ar
ac
te
ri
st
ic
ph
os
ph
or
us
re
si
de
nc
e
ti
me
in
th
e
sy
st
em
.
3.
The
dyn
ami
c s
tat
e o
f t
he
sys
tem
bet
wee
n t
he
pre
sen
t p
hos
pho
rus
lo
ad
an
d
th
e
pr
es
en
t
ph
os
ph
or
us
co
nc
en
tr
at
io
n.
An
inf
orm
ati
ve
tre
atm
ent
of
lak
e
res
pon
ses
to
cha
nge
s
in
pho
sph
oru
s
lo
ad
in
gs
is
gi
ve
n
by
So
nz
og
ni
et
_a
l.
(l
97
6)
.
No
at
te
mp
t
has
be
en
ma
de
in
th
e
pr
es
en
t
re
po
rt
to
es
ti
ma
te
act
ual
sc
he
du
le
s
fo
r
im
pl
em
en
ti
ng
th
e
re
co
mp
en
de
d
ph
os
ph
or
us
lo
ad
ob
je
ct
iv
es
.
Ins
tea
d,
com
par
ati
ve
est
ima
tes
of
sys
tem
res
pon
se
tim
es
wer
e
mad
e
by
as-
73
 su
mi
ng
th
at
th
e
lo
ad
in
g
ob
je
ct
iv
es
we
re
ca
rr
ie
d
ou
t
as
in
st
an
ta
ne
ou
s
st
ep
—
re
du
ct
io
ns
.
It
is
re
co
gn
iz
ed
th
at
th
is
is
no
t
li
ke
ly
to
oc
cu
r.
In
ac
tu
al
pr
ac
ti
ce
,
ho
we
ve
r,
ch
an
ge
s
th
at
oc
cu
r
in
a
gi
ve
n
ye
ar
fo
r
a
gi
ve
n
sy
st
em
ar
e
li
ke
ly
to
fa
ll
wi
th
in
th
e
ra
ng
e
of
th
e
ye
ar
-t
o-
ye
ar
va
ri
at
io
n
in
ei
th
er
th
e
ph
os
ph
or
us
lo
ad
s,
th
e
in
-l
ak
e
ph
os
ph
or
us
co
nc
en
tr
at
io
ns
,
or
bo
th
.
Fo
r
th
is
re
as
on
,
lo
ng
-t
er
m,
co
mp
re
he
ns
iv
e
me
as
ur
em
en
ts
of
lo
ad
s
an
d
in
-l
ak
e
co
nc
en
—
tr
at
io
ns
ar
e
us
ua
ll
y
ne
ce
ss
ar
y
to
ac
cu
ra
te
ly
de
te
rm
in
e
th
e
re
sp
on
se
of
a
system.
Th
e
ef
fe
ct
s
of
th
e
ch
ar
ac
te
ri
st
ic
ph
os
ph
or
us
re
si
de
nc
e
ti
me
s
fo
r
th
e
va
ri
ou
s
ba
si
ns
ar
e
im
pl
ic
it
ly
in
cl
ud
ed
in
al
l
of
th
e
dy
na
mi
c
mo
de
ls
us
ed
.
Re
ca
ll
th
at
th
e
Vo
ll
en
we
id
er
lo
ad
in
g
pl
ot
mo
de
l
is
an
eq
ui
li
br
iu
m
mo
de
l,
an
d
th
us
it
ca
nn
ot
be
us
ed
to
es
ti
ma
te
re
sp
on
se
ti
me
.
Re
ce
nt
ly
,
ho
we
ve
r,
Vo
ll
en
we
id
er
ha
s
de
ve
lo
pe
d
a
se
t
of
dy
na
mi
c
ca
lc
ul
at
io
ns
fo
r
es
ti
ma
ti
ng
th
e
re
sp
on
se
ti
me
of
La
ke
On
ta
ri
o
to
ch
an
ge
s
in
ph
os
ph
or
us
lo
ad
s
(V
ol
le
nw
ei
de
r
l977a).
It
wa
s
as
su
me
d
th
at
th
e
pr
es
en
tl
y-
ob
se
rv
ed
ph
os
ph
or
us
co
nc
en
tr
at
io
ns
in
In
ne
r
Sa
gi
na
w
Ba
y,
La
ke
Er
ie
,
an
d
La
ke
On
ta
ri
o
ar
e
in
dy
na
mi
c
eq
ui
li
br
iu
m
wi
th
th
e
pr
es
en
tl
y
ob
se
rv
ed
ex
te
rn
al
ph
os
ph
or
us
lo
ad
s.
Th
e
ba
si
s
fo
r
th
is
as
su
mp
ti
on
in
La
ke
Er
ie
an
d
La
ke
On
ta
ri
o
ha
s
be
en
di
sc
us
se
d
ea
rl
ie
r
in
th
is
re
po
rt
.
Th
e
eq
ui
li
br
iu
m
as
su
mp
ti
on
is
va
li
d
fo
r
Sa
gi
na
w
Ba
y
be
ca
us
e
of
it
s
ve
ry
sh
or
t
(3
-4
mo
nt
hs
)
hy
dr
au
li
c
de
te
nt
io
n
ti
me
.
Fo
r
In
ne
r
Sa
gi
na
w
Ba
y,
al
l
of
th
e
dy
na
mi
c
mo
de
ls
us
ed
in
di
ca
te
th
at
th
e
re
sp
on
se
ti
me
to
a
ch
an
ge
in
ph
os
ph
or
us
lo
ad
wi
ll
be
le
ss
th
an
on
e
ye
ar
.
Su
ch
a
re
su
lt
is
ty
pi
ca
l
fo
r
a
sy
st
em
wi
th
th
e
sh
or
t
hy
dr
au
li
c
de
te
nt
io
n
ti
me
of
Sa
gi
na
w
Ba
y.
Es
se
nt
ia
ll
y,
th
e
ph
os
ph
or
us
co
nc
en
tr
at
io
n
ob
se
rv
ed
in
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 Saginaw Bay in a given year is largely a function of the phosphorus load for
that year.
The response time for Lake Erie is expected to be somewhat longer than
for Saginaw Bay because the hydraulic detention time of Lake Erie is ap-
proximately 2.6 years. The Chapra model indicates thast the 90 percent re-
sponse time of Lake Erie to a change in phosphorus load will be one to two
years. This is the time required for 90 percent of the expected change in
phos
phor
us c
once
ntra
tion
to o
ccur
. T
he D
iTor
o mo
del
indi
cate
s th
at e
ssen
—
tially 100 percent of the new equilibrium concentration would be achieved in
fiv
e y
ear
s
aft
er
a c
han
ge
in
pho
sph
oru
s
loa
d.
The
Cha
pra
and
DiT
oro
res
ult
s
are
not
inc
ons
ist
ent
whe
n i
t i
s r
eal
ize
d t
hat
the
95
per
cen
t r
esp
ons
e t
ime
fo
r
a
gi
ve
n
wa
te
r
bo
dy
is
30
pe
rc
en
t
lo
ng
er
th
an
th
e
90
pe
rc
en
t
re
sp
on
se
time
, an
d th
at t
he 1
00 p
erce
nt r
espo
nse
time
is l
onge
r st
ill
(Son
zogn
i £5
El
.
19
76
).
Si
nc
e
th
e
va
ri
ab
il
it
y
in
th
e
ac
tu
al
da
ta
is
us
ua
ll
y
at
le
as
t
l0
to
20
pe
rc
en
t,
it
is
mo
re
pr
ac
ti
ca
l
to
st
at
e
th
at
th
e
re
sp
on
se
ti
me
of
La
ke
Er
ie
to
a
ch
an
ge
in
ph
os
ph
or
us
lo
ad
wi
ll
be
on
e
to
tw
o
ye
ar
s.
Th
e
re
sp
on
se
ti
me
fo
r
La
ke
On
ta
ri
o
is
ex
pe
ct
ed
to
be
re
la
ti
ve
ly
lo
ng
be
ca
us
e
th
e
hy
dr
au
li
c
de
te
nt
io
n
ti
me
of
th
is
sy
st
em
is
8.
l
ye
ar
s.
Al
l
of
th
e
mo
de
ls
us
ed
fo
r
La
ke
On
ta
ri
o
in
di
ca
te
th
at
th
e
90
pe
rc
en
t
re
sp
on
se
ti
me
wi
ll
be
ap
pr
ox
im
at
el
y
si
x
ye
ar
s.
Th
e
re
su
lt
s
ra
ng
ed
fr
om
th
e
Th
om
an
n
es
ti
-
ma
te
of
5.
8
ye
ar
s
(B
ie
rm
an
19
77
)
to
th
e
Vo
ll
en
we
id
er
es
ti
ma
te
of
si
x
to
se
ve
n
ye
ar
s
(V
ol
le
nw
ei
de
r
l9
77
a)
.
Th
e
Ch
ap
ra
es
ti
ma
te
wa
s
5.
9
ye
ar
s
(C
ha
pr
a
l978).
Th
e
ab
ov
e
es
ti
ma
te
s
fo
r
re
sp
on
se
ti
me
s
mu
st
be
us
ed
wi
th
gr
ea
t
ca
ut
io
n.
T
h
e
r
e
a
r
e
m
a
n
y
u
n
c
e
r
t
a
i
n
t
i
e
s
in
t
h
e
s
c
i
e
n
t
i
f
i
c
u
n
d
e
r
s
t
a
n
d
i
n
g
o
f
t
h
e
f
a
c
t
o
r
s
af
fe
ct
in
g
ph
os
ph
or
us
re
si
de
nc
e
ti
me
s
in
la
ke
s.
Ph
os
ph
or
us
fe
ed
ba
ck
fr
om
th
e
75
sediments and changes in the proportion of disso1ved and particu1ate Phos-
phorus forms in the water co1umn can potentia11y modify the response time
of a 1ake as the externa1 phosphorus 1oads are changed.
Comparison with 1972 WQA Objectives
Tab1e XXII contains a comparison between the 1oading resu1ts of the TG and
the 1976 target 1oads from the 1972 NQA. Detai1ed comparisons are difficu1t
because atmospheric sources were not inc1uded in the NQA 1oads and because the
TG r
ecom
mend
atio
ns f
or S
agin
aw B
ay,
Lake
Erie
and
Lake
Onta
rio
were
deve
1ope
d
using the concept of base year 1oads.
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 TABLE XXII. COMPARISON BETWEEN THE LOADING RESULTS OF TASK GROUP III
AND THE 1976 TARGET LOADS FROM THE T972 WQA - ALL VALUES
IN METRIC TONNES PER YEAR
1976 Target
Load From Actua1 Base Year Task Group
Basin 1972 WQAI 1976 Load Load Recommendation
Superior 1796 3570 Same as 1976 3352
Michigan 5350 6671 Same as 1976 5553
Main Lake Huron 30882 2952 Same as 1976 2781
Saginaw Bay — 1197 868 440
Georgian Bay - 628 Same as 1976 598
North Channe1 - 546 Same as 1976 516
Lake Erie 14603 19676 19968 10900
West
ern
-
1268
9
1449
9
—
Cen
tra
1
-
438
2
400
7
-
East
ern
-
2605
1463
-
Ont
ari
o
907
0
127
95
110
88
680
0
1Not inc1uding 1oads from atmospheric sources.
2WQ
A
tar
get
1oa
d
for
ent
ire
Lak
e
Hur
on
bas
in.
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CONTROL OF PHOSPHORUS SOURCES
General
With regard to control strategies for municipal and diffuse sources, the
costs and benfits can be more clearly established over the next year or so.
It is, therefore, recommended that the State and Provincial governments be
required to commit themselves within a year from the date of the new Agree-
ment on the methods by which the phosphorus loading objectives in Tables
XVIII-XXI would be achieved. The methodologies to be developed should in-
?t‘ clude a schedule which clearly identifies the time frame over which the
loading objectives would be achieved. Any of the strategies will need to
reflect the growth of population over time. A minimum of a l mg/l phos-
phorus effluent standard will be required at all municipal treatment plants
greater than l mgd in the Great Lakes Basin.
Municipal Point Sources
It has been demonstrated that it is possible to control phosphorus from
municipal point discharges down to 0.1 mg/l. It is estimated that the 0.1
mg/l treatment level costs approximately ten times that of the l.0 mg/l
treatment level. For many municipal systems, a 0.5 mg/l treatment level can
be achieved with additional settling facilities and/or effluent filtration.
The additional cost of such treatment should be evaluated in terms of cost
effectiveness of the strategies to achieve the phosphorus loading objec-
tives for each basin.
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 Industrial Point Sources
Industrial point sources constitute a small proportion of the phosphorus
loadings to the Great Lakes. Control of phosphorus loadings from industrial
point sources is not economically feasible because loads generally consist
of large volumes and low phosphorus concentrations (Munro 1977).
Diffuse Sources
The diffuse loads consist of diffuse tributary inputs as well as pos-
sib
le
dir
ect
dif
fus
e i
npu
ts.
The
dif
fus
e t
rib
uta
ry
load
is
der
ive
d f
rom
runoff, particularly agricultural and urban, and groundwater flow. While
urb
an
lan
d m
ay
con
tri
but
e l
arg
e a
mou
nts
of
pho
sph
oru
s p
er
unit
area
, b
e-
cause of the relatively small amount of urban area in the Great Lakes Basin
the
urb
an
run
off
loa
d i
s s
ign
ifi
can
tly
les
s t
han
the
agr
icu
ltu
ral
run
off
load
.
Com
bin
ed
sew
er
ove
rfl
ows
can
be
sig
nif
ica
nt
in
cer
tai
n d
ens
ely
pop
u-
la
te
d
ar
ea
s
and
can
co
nt
ri
bu
te
to
th
e
di
ff
us
e
loa
d.
Mos
t o
f t
he
tot
al
pho
sph
oru
s l
oad
to
the
Gre
at
Lak
es
is
del
ive
red
by
the
tr
ib
ut
ar
ie
s.
Di
ff
us
e
so
ur
ce
s
ac
co
un
t
fo
r
a
la
rg
e
pr
op
or
ti
on
of
th
e
to
ta
l
tri
but
ary
loa
d (
See
Tab
le
XVI
).
App
rox
ima
tel
y 3
0 t
o 5
0 p
erc
ent
of
the
dif
-
fu
se
lo
ad
is
be
li
ev
ed
to
be
co
nt
ro
ll
ab
le
us
in
g
ex
is
ti
ng
te
ch
no
lo
gy
wh
er
e
the
pho
sph
oru
s
loa
din
g
rat
e
per
uni
t
are
a i
s h
igh
,
suc
h
as
in
the
Low
er
La
ke
s.
Th
is
te
ch
no
lo
gy
in
cl
ud
es
im
pr
ov
ed
co
ns
er
va
ti
on
pr
ac
ti
ce
s
an
d
sp
e-
cia
liz
ed
lan
d
cul
tiv
ati
on
tec
hni
que
s.
If
dif
fus
e
sou
rce
con
tro
ls
are
dee
med
ne
ce
ss
ar
y,
th
en
de
ci
si
on
s
sh
ou
ld
be
ma
de
as
so
on
as
po
ss
ib
le
be
ca
us
e
im
pl
e-
mentation will probably be a lengthy process.
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Atmospheric Sources
Atmospheric phosphorus loadings result mainly from industrial emissions
and wind erosion. Control of phosphorus loadings from these sources appears
to be difficult; however, land management techniques might help control the
component due to wind erosion.
Shoreline Erosion
Since shoreline erosion is primarily a natural process, control of phos-
phor
us f
rom
shor
elin
e er
osio
n is
not
cons
ider
ed n
eces
sary
.
Cont
rol
of
shoreline erosion for shore protection purposes probably has little effect
on the overall phosphorus load from shoreline erosion.
Detergent Phosphorus
Detergent phosphorus control would be effective in reducing those inputs
which do not presently receive effective phosphorus treatment. These include
most municipal sewage plants in the Upper Great Lakes, some of the plants with
capa
citi
es g
reat
er t
han
1 mg
d, p
lant
s wi
thou
t ph
osph
orus
remo
val,
with
capa
-
cities less than l mgd in the Lake Ontario and Lake Erie drainage basins, and
septic tanks in general. The degree of effectiveness depends on the presently
enforced phosphorus content limitations in detergents. It is not possible
with available technical data to accurately quantify the reduction of phos-
phorus inputs as a result of detergent phosphorus control. However, as it
appears quite feasible to reformulate detergents without seriously affecting
their use, the TG favors the further reduction of phosphorus in commercial and
household detergents as one of the control strategies to achieve the recom-
mended loadings for each of the Great Lakes basins.
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